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ABSTRACT 
Calcium phosphate precipitation of DNA is the most 
widely used method for DNA mediated gene transfer into 
mammalian cells. Using pBR328 containing the HSV TK gene 
(pBR328/TK2), without carrier DNA the transfomation 
frequency was typically 0.1 to 0.5%. The early stages of 
transformation by this method were characterised with 
respect to expression of TK and the stability of 
expression. 
Assays of TK enzyme activity revealed a considerable 
delay before onset of expression: no TK was detectable 16 
hours after transformation. The maximal level found was 
after 65 hours, being 5.3 times that of the HSV-TK 
transformed reference cell line. 
Incorporation of 3H Thymidine (which requires 
TK) was also used as an assay for exp9ssion. Labelling 
was followed by counting incorporated H and 
autoradiography in situ. No cells incorporated H 
during the first 24 hours after transformation. One day 
later, incorporation was 0.25cpm per labelled cell, 
increasing to 2.2cpm after a further 5 days 	The largest 
proportion of cells which had incorporated H was 
2.3%, 4.5 day after transformation, distributed between 
24% of colonies. Two days later, 18% of colonies 
contained labelled cells showing that TK expression was 
highly unstable. 
After short term (7 days) selection for TK on HAT 
medium, sability was assayed by a segregation analysis. 
13% of TK cells were unstable at levels of 0.4% to 
50% per cell division. After long term selection (20 
population doublings), 4 of 7 clones were more than 99.9% 
stable, the other 3 segregated TK cells at 0.5, 0.16 
and 0.1% per cell division. 
Unstable HAT resistance was observed after nuclear 
microinjection of pBR328/TK2 DNA. Of 11 HAT resistant 
colonies, 4 attained long term HAT resistance. When 
cells were injected with a pBR328/TK2 derivative 
containing an insert of mouse satellite DNA, instability 
was dramatically increased: only 1 out of 44 colonies 
continued to grow in HAT. Rescue of 10 unstably HAT 
resistant colonies revealed that instability was often 
due to loss of the TK gene. Three clones, however, had 
retained the gene in an inactive state. 
Analysis of DNA from transformed cells showed that 
transferred genes were always integrated into high 
molecular weight DNA. After calcium phosphate 
transformation, the amount of DNA integrated was very 
variable (from 1 to 40 plasmid copies). In contrast, 
microinjection always led to a small amount of DNA being 
integrated. DNA transferred by precipitation was subject 
to large amounts of rearrangement, more so than DNA 
introduced by microinjection. Rearrangement of a plasmid 
based on pAT153 was less than for pBR328 containing 
plasmids, showing some sequence effect on rearrangement. 
Two types of rearrangement were identified: those 
associated with integration, and joining of previously 
non-continguous plasrnid sequences. A simple method was 
devised to allow these to be distinguished. One 
transformant was found to have amplified a rearranged 
form of the transferred DNA. 
Experiments were performed to test if integration 
can occur by homologous recombination. Plasmids 
containing cloned mouse repeated sequences (satellite DNA 
or Mif-1) were used, to maximise the amount of sequence 
homology. Integration into satellite DNA would change the 
buoyant density of the plasmid DNA. For Mif-1, novel 
fragments were predicted which would result from 
homologous recombination. With either satellite DNA or 
Mif-1, no evidence was obtained for integration by 
homologous recombination. Transformation with a Mif-l-
containing plasmid and mouse carrier DNA gave 2 cell 
lines which appear to have undergone homologous 
recombination. This result suggests that the failure to 
detect homologous recombination in the previous 
experiment is due to differences between DNA in 
chromosomes and naked DNA. 
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Transfer of genetic information between organisms 
has become an extremely powerful tool in molecular 
biology. The first demonstration of gene transfer was 
published in 1928 by Griffith. He injected mice with a 
mixture of non-virulent Diplococcus pneumoniae and 
heat killed cells of a virulent strain. The non-virulent 
bacteria were "transformed" to virulence. In vitro 
D.pneumoniae transformation experiments later provided 
the first experimental evidence that DNA is genetic 
material (Avery et al, 1944; McCarty and Avery, 1946). 
Gene transfer is not limited to experimental 
situations; on the contrary, it is implicated in many 
natural processes. Viral infection and bacterial 
conjugation fall into this class. On occasion the 
packaging of DNA into viral particles is erroneous, 
incorporating host genomic DNA and transferring it to 
other cells. Similarly conjugative plasmids can mobilise 
the host cell's chromosome. These phenomena 
(transduction and sexduction) along with transformation 
have long been used by bacterial geneticists for gene 
mapping and the study of genetic regulation. The 
development of gene transfer methods for cultured cells 
(and animals) has greatly facilitated such studies in 
mammals. In particular, the ability to create specific 
mutations in vitro has led, with gene transfer, to the 
"reverse genetic" analysis of gene function. 
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Transfer of cellular genes in mammalian systems was 
initially accomplished by fusion of somatic cells 
(Sorieul and Ephrussi, 1961; Littlefield, 1964). Most of 
the work of cell fusion has been to make interspecies 
heterokaryons. On growth of inter-species hybrid cells, 
chromosomes are lost. The loss is non-random: for 
example, in man-mouse hybrids human chromosomes are lost 
predominantly. Selection for the retention of particular 
chromosomes can be used, but has limited application as 
few chromosomes carry selectable markers. 
1.2. DNA mediated gene transfer 
DNA mediated gene transfer (DMGT) into mammalian 
cells was reported as early as 1962 (Szybalska & 
Szybalski), but it was not until after Graham and van der 
Eb (1973) developed the calcium phosphate method for 
introduction of Adenovirus DNA into cells that DMGT 
became widely applied. The calcium phosphate method 
involves the formation of a co-precipitate of calcium 
phosphate and DNA (usually a small amount of transforming 
DNA and a large amount of carrier DNA), which is layered 
onto the cells. For introduction of a virus as DNA, the 
criterion for success is the establishment of lytic 
infection. In order to study the stable introduction of 
genes into cells, not only is a method for delivery 
needed, it is also necessary to be able to select those 
cells which have incorporated the DNA. In early studies, 
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the selection was for thymidine kinase (TK) using TK 
deficient recipient cells (bromodeoxyuridine resistant; 
Kit et al, 1963) and HAT medium (Littlefield, 1964). 
HAT medium contains ( in addition to normal growth medium) 
ypoxanthine amethopterin and thymidine. 
Amethopterin is an inhibitor of dihydrofolate reductase, 
which is required for the synthesis of formyl-
tetrahydrofolate, a cofactor required for purine and 
pyrimidine biosynthesis. Cells which have the enzymes 
hypoxanthine phosphoribosyl transferase and thymidine 
kinase can overcome the toxicity of amethopterin by 
utilisation of exogenous hypoxanthine and thymidine. The 
source of the TK genes was Herpes Simplex Virus (HSV); it 
had been shown previously that HSV virions (liv irradiated 
to prevent lytic infection) could be used to transform TK 
deficient cells to HAT resistance (Munyon et al, 1971; 
Davidson et al, 1973). 
In 1977 there were several reports of transfer of 
HSV TK genes into mammalian cells using purified HSV 
DNA. The first paper (Bacchetti and Graham) described 
the use of HSV-2 DNA (sheared to abolish lytic 
infectivity) to transform TK human cells to HAT 
resistance. Wigler et a]. used TK mouse L cells as 
recipient and restriction endonuclease digested HSV-1 
DNA. By fractionation of digested DNA, the TK gene was 
localised to a 3.4kb BamHI fragment; EcoRI digestion was 
shown to inactivate the gene. Maitland and McDougall in 
similar studies with HSV-2 DNA, fragmented by shearing or 
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restriction digestion, obtained transformation of L-
cells. They localised the gene to specific EcoRI and 
Hindill fragments, and thus assigned it to a position on 
the HSV-2 physical map. Each of these three groups 
obtained stable transformants which expressed HSV 
specific TK, although Maitland and McDougall reported a 
crisis phase in the attainment of stability. 
Minson et al (1978) showed that DNA from a clone 
of cells stably transformed with HSV TK could be used in 
a second round of DMGT. They noted that DNA from their 
primary transformed cells was much more active in DMGT 
than is sheared HSV DNA (comparing genome equivalents). 
They suggested that the 1000 fold difference could be 
accounted for by the primary transformant containing 1000 
copies of the TK gene, or by the gene being in a more 
favourable state for transfer. 
Pellicer et al (1978) showed by solution 
hybridisation experiments and by Southern blot analysis 
that the HSV TK gene in each of six transformants was 
present in a single copy per cell. The same group showed 
(wigler et al, 1978) that they could repeat the 
experiment of Minson et al (1978) using transformed 
cell DNA to produce secondary transformants. They 
obtained frequencies of 0.3 to 16 times their calculated 
expectation; two of the donor clones used had been shown 
to have a single HSV TK gene (Pellicer et al, 1978). 
Since donor DNA from cells carrying a single copy of an 
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HSV TK gene was active in transformation experiments, it 
was reasoned that DNA from wild-type cells should be 
capable of providing the TK function. This was shown for 
DNAs from mouse, human, calf, chicken and hamster; DNAs 
from Drosophila, Dictyostelium and salmon were 
inactive in this assay. 
The ability to transfer presumptively single copy 
genes into cultured cells prompted the use of different 
combinations of mutants and selective media selecting for 
genes which had not been isolated. Examples are the 
adenine phosphoribosyl transferase (APRT) gene (Wigler 
et al, 1979; Lester et al, 1980) and the hypoxanthine 
phosphoribosyl transferase (HPRT) gene (Willecke et al, 
1979; Graf et al, 1979; Lester et al, 1980). Genes 
of unknown coding potential have also been transferred: 
Shih et al (1979) showed that the phenotype of 
neoplastic transformation can be transferred to suitable 
recipient cells using DNA from cells neoplastically 
transformed by chemicals. Cooper et al (1980) confirmed 
this, and reported that DNA from normal cells is also 
active in the transfer of the neoplastic transformed 
phenotype. These findings led to a large number of 
publications and a major increase in the understanding of 
cancer genetics. 
Selectable genes such as TX and HPRT are recessive, 
limiting their use to mutant cell lines. To make DMGT 
more generally applicable, other selection systems were 
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developed. These use dominant selectable markers, thus 
allowing the use of wild type cells as recipients. 
Mercola et al (1980) modified HAT medium, increasing 
the stringency of selection for TK. The conditions were 
such that wild-type cells were killed, but those 
transformed with HSV TK survive. O'Hare et al (1981) 
used a bacterial gene encoding a methotrexate resistant 
dihydrofolate reductase (manipulated to allow expression 
in mammalian cells) and methotrexate as the selective 
agent. Mulligan and Berg (1980, 1981) have used the 
E.coli gene for xanthine-guanine phosphoribosyl 
transferase (gpt) as the basis of a selection system. 
Mammalian cells have no xanthine phosphoribosyl 
transferase activity and cannot use xanthine as a purine 
source unless they express the E.coli gene. 
Fluorescence activated cell sorting has been used 
successfully as a selective procedure in gene transfer 
experiments (Kavathas and Herzenberg, 1983; Kuhn et 
al, 1984). Cells expressing exogenous genes for cell 
surface proteins can be stained with a fluorescent 
labelled monoclonal antibody for the protein of interest; 
the few stained cells can then be sorted away from the 
rest. 
The selective marker of choice for most purposes is 
now the neomycin resistance gene (neo). This is a 
bacterial gene which confers resistance to the 
aminoglycoside antibiotics (kanamycin, gentamycin, 
neomycin) in E.coli. The selective agent used is G418, 
an amirioglycoside which is toxic to a wide range of 
species: mammals, Drosophila, tobacco and others (see 
Southern and Berg, 1982). Using the neomycin resistance 
gene from the transposon Tn5, Colbere- Garapin et al 
(1981) and Southern and Berg (1982) developed vectors for 
mammalian cells with control sequences derived from HSV 
TK and SV40 respectively. Both of these vectors have the 
additional advantage of also being selectable in 
bacterial cells using azninoglycoside antibiotics. 
1.3. Other gene transfer methods 
Over the last few years there has been a 
proliferation of methods for gene transfer. There are 
five classes of method; precipitation, polycation 
facilitated transfer, infection, fusion and direct 
injection. 
The calcium phosphate precipitation method has been 
used not only for DNA and chromosomes, but also for 
bacterial cells which carry plasmids to be transferred 
(Schaffner, 1980) and intact recombinant bacteriophage 
A particles (Lowy et al, 1980; Ishiura et al, 
1982). 
Polycation facilitated transfer using DEAE-dextran 
(see Sompayrac and Danna, 1981) or Polybrene (Kawai and 
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Nishizawa, 1984) is used for introducing purified viral 
DNA into cells to initiate an infection, but is very 
inefficient for stable transformation (for example Milman 
and Herzberg, 1981; Schaefer-Ridder et al, 1982). 
Infection exploits normal viral pathways of 
introduction of nucleic acid into cells. Recombinant 
retroviruses have been used (for example, Williams et 
al, 1984) as have virus particles reconstituted from 
DNA and empty Polyoma capsids (Slilaty and Aposhian, 
1983). One limitation on the use of viral particles is 
the size of nucleic acid molecule which can be 
encapsulated; most viruses have limited capability to 
increase or decrease their capacity. 
Fusion is based on the methods of generating 
heterokaryons by fusion of mammalian cells with each 
other. For DNA transfer, the DNA is encapsulated in 
liposomes (Schaefer-Ridder et al, 1981) or 
erythrocyte ghosts (1mb et al, 1983; Wiberg et al, 
1983); or bacteria which carry a plasmid are made into 
protoplasts by enzymatic digestion of the cell wall, 
leaving the membrane intact (Schaffner, 1980; Sandri-
Goldin et al, 1981). These are then fused with 
mammalian cells transferring their contents into the 
recipient cell. 
Direct injection of DNA involves placing the DNA 
directly into the nuclei of cells. There are three 
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versions of the injection method: injection under 
pressure, pricking and iontophoretic injection. Injection 
under pressure uses a micropipette filled with a solution 
of DNA. The pipette tip is inserted into a cell nucleus 
and the solution forced through the tip, into the cell 
under pressure (Anderson et al, 1980; Capecchi, 1980; 
Section 2.4.b.). For pricking, the cells are bathed in a 
DNA solution and are pricked into the nucleus with a fine 
glass needle. The needle carries a small volume of the 
extracellular DNA with it into the cell, and leaves it 
behind when withdrawn. lontophoretic injection uses 
electrophoresis to transfer the DNA from the lumen of a 
microelectrode into cell nuclei (Lo, 1983). This method 
has the advantage that no liquid is transferred into the 
cell, only DNA and other anions. 
The choice of method largely depends on the 
particular application. DEAE-dextran is often used to 
initiate viral infection using purified DNA from small 
viruses, but calcium phosphate precipitation is the most 
widely applied technique, commonly being used to initiate 
viral infection or to stably transform cells. The major 
distinction between methods is between bulk methods which 
allow large numbers of cells to be treated, and injection 
which is only suitable for treating small numbers of 
cells. Injection delivers the DNA directly into the 
nucleus, whereas with the bulk methods it has to cross 
the cytoplasm, possibly a limiting step and where it may 
be exposed to nucleases (Section 1.4). The bulk methods 
require large amounts of DNA whereas for pressure 
injection very small amounts (nanograms) are sufficient 
for an essentially unlimited number of injections. With 
injection, the fates of individual injected cells may be 
followed; with the bulk methods it is usually not 
possible to tell in which cells DNA entered the nucleus. 
Injection of early embryos has been used to introduce DNA 
into animals (for example Constantini and Lacy, 1981; 
Wagner et al, 1981). Such animals are known as 
'transgenic'. 
Part of this thesis is concerned with a comparison 
of the calcium phosphate and pressure injection methods 
of gene transfer. 
1.4. Calcium phosphate and DNA uptake by cells 
Loyter et al (1982a) studied the uptake of calcium 
phosphate/DNA coprecipitates by mouse L cells using dyes 
which specifically stain DNA (DAPI) or calcium salts 
(chlorotetracycline), and by the use of tritium labelled 
DNA. 
Preliminary experiments to ascertain conditions for 
the removal of extracellular DNA showed that the calcium 
phosphate provides considerable protection from nuclease 
attack, although a large proportion is still nuclease 
sensitive. Protection of the DNA from degradation may 
be an important property of the precipitate since serum 
(even after "heat inactivation") has considerable 
nuclease activity, and the DNA taken up by cells may pass 
through lysosomes, which contain nucleases. Efficient 
removal of extracellular DNA was found to require washing 
with EDTA or EGTA to solubilise the calcium phosphate, 
and treatment with two nucleases. In the absence of 
cells, less than 1% of the added DNA is precipitable by 
acid when treated this way; after a six hour incubation 
of 6 x 1O 5 cells with l0jg of tritiated DNA in a 
calcium phosphate precipitate, 7.4% of the tritium label 
was acid insoluble after EDTA and nuclease treatment. 
From these figures I have calculated that on average, 1.0-
1.2pg of DNA is taken up per cell. This amount of DNA is 
equivalent to about 10% of the L-cell genome: L-cells are 
approximately triploid (Amercian type culture collection, 
catalogue of strains II, 1975) and the haploid DNA 
content of the mouse genome is 3pg (Lewin, 1980). Using 
DAPI stained DNA to make the precipitate and fluorescence 
microscopy, up to 90% of cells were judged to have DNA in 
the cytoplasm; exogenous DNA in nuclei could not be 
visualised since the nuclear DNA was heavily stained by 
free DAPI. Chlorotetracycline stained calcium phosphate 
was also seen in the cytoplasm of most cells, but in only 
1 to 5% of nuclei. 
Another publication from the same laboratory 
(Loyter et al, 1982b) describes the entry of calcium 
phosphate and DNA into cells as visualised by electron 
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microscopy. The precipitate is taken up by phagocytosis: 
entry of the precipitate into cells is inhibited by 
colcemid (which causes microtubule disassembly) and 
metabolic inhibitors (NaN 3 , NaF and 2-deoxyglucose), 
all of which inhibit receptor mediated phagocytosis. The 
calcium phosphate precipitate was found to stimulate 
phagocytosis: cells incubated with precipitate had more 
surface activity and more and larger phagocytic vesicles 
than control cells. Calcium phosphate and DNA were seen 
on the surface of cells (associated with local surface 
activity), in the process of being phagocytosed and in 
phagocytic vesicles. Some DNA was found in the cytoplasm 
of cells, thought to have escaped from phagocytic 
vesicles, and some was seen in nuclei. Fusion of 
phagocytic vesicles and exocytosis of large amounts of 
precipitate were also observed. 
The kinetics of uptake of the calcium phosphate/DNA 
coprecipitate were studied by counting the proportion of 
cells to take up DAPI stained DNA at different times. 
After a lag of about 1 hour, DNA uptake increased 
linearly with time until about 8 hours when 75% of cells 
had taken up DNA. Purification of intracellular DNA at 
various times and filter hybridsation analysis showed 
that the amount of DNA taken up followed a similar time 
course. The DNA used was a mixture of HeLa cell DNA and 
a bacterial plasmid which carries the herpes virus TK 
gene, circular or linearised by Hindlil digestion. In the 
text, it is claimed that 
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"TX sequences were . . .......not substantially 
hydrolysed .... ." 
however, the autoradiographs clearly show that although 
the majority of the DNA was intact extensive degradation 
of the plasmid DNA did occur, especially in the 
experiment using unlinearised plasmid. 
Similar epxeriments have been performed in this 
laboratory (C. Tyler-Smith, personal communication); a 
calcium phosphate precipitate was made with a large 
amount of pure plasmid DNA, using no carrier DNA. After 
treatment of the cells to remove exogenous DNA, the DNA 
taken up after 24, 48 or 72 hours was analysed by filter 
hybridisation. Digestion with MboI or DpnI restriction 
endonucleases was used to distinguish between molecules 
which had or had not been replicated in the mouse cells. 
At each time, the plasmid was digested by DpnI and not 
by MboI. This shows that the vast majority of the DNA 
had not been replicated in the mouse cell. The DNA was 
in several forms: most prominently open circular and 
supercoiled, but with slower migrating forms not present 
in the original plasmid preparation. Also seen were 
bands between the supercoiled and open circular bands, 
representing topoisomers, and a substantial smear of 
degraded DNA down the gel tracks. 
From these studies it appears that although the 
calcium phosphate precipitate does protect the complexed 
DNA from nuclease digestion to some extent, considerable 
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degradation does occur. Whether this degradation is due 
to serum nucleases in the medium or to lysosomal 
nucleases is not clear. There is indirect evidence which 
suggests that DNA does pass through lysosomes: treatment 
of recipient mouse 3T6 cells with cholorquine 
dramatically increases the frequency of expression and 
focal transformation by polyoma virus DNA introduced by 
calcium phosphate precipitation (Luthman and Magnusson, 
1983). Chloroquine is thought to inactivate lysosmai 
hydrolytic enzymes by increasing the pH within lysosomes. 
1.5. Co-transfer of linked and unlinked genes 
Chromosome mediated cotransfer of genetically linked 
genes may be obtained at high frequency. Using human 
chromosomes and selection for TK, Willecke et al (1976) 
and Kiobutcher and Ruddle (1979) obtained cotransfer of 
galactokinase (GALK) with TK (both on human chromosome 
17) in 2 of 8 and 2 of 7 clones respectively. 
By DMGT with sheared HSV-2 DNA, Minson et al 
(1978) obtained cotransfer with TK of a non-selected HSV 
gene. One of the clones they obtained expressed a 
function capable of rescuing two (non-complementing) 
strains of HSV-1 defective for lytic infection. Three 
subclones selected for the loss of TK expression co-
ordinately lost the capacity to rescue the defective HSV-
1 strains. Peterson & McBride (1980) found cotransfer of 
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the linked TK and GALK genes in one out of 87 clones 
transformed with DNA from human or chinese hamster 
cells. Four TK deficient revertant subclones also lost 
GALK activity. It was argued that TK and GALK were still 
linked and may thus have been transferred on a single 
DNA fragment. In a similar but more comprehensive study 
(Warrick et al, 1980), cotransfer of TK and GALK was 
not observed in any of 15 transformed cell lines. 
However, one clone was found to be cotransformed for 
esterase-D: one of 25 unlinked markers assayed. This 
cotransfer frequency (1/375) of unlinked markers is not 
significantly lower than that observed (1/87) by Peterson 
and McBride (1980) for markers closely linked by 
conventional genetic criteria. 
Kiobutcher and Ruddle in their study of cotransfer 
in chromosome mediated gene transfer (1979) also looked 
for co-transfer of genes unlinked to TK. Of the seven 
clones analysed for cotransfer of 20 unlinked markers, 
two clones possessed one cotransferred marker each. In 
these clones, the previously unlinked cotransferred genes 
co-segregated with TK. During both DNA and chromosome 
mediated gene transfer, genes can become linked. 
1.6. High Frequency Transfer of Non-Selectable DNA 
For many purposes it is desirable to be able to 
introduce into cells DNA molecules for which no selective 
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criteria exist. As mentioned earlier, Minson et al 
(1978) obtained cotransfer of a non-selected gene with 
HSV-TK. Since random (sheared) fragments of HSV DNA were 
used, it may be that the two genes were transferred as a 
part of the same input DNA molecule. The original 
approach to directed cotrarisfer was to ligate the 
selected gene and the non- selectable DNA in vitro, 
and to transform with this (Mantei et al, 1979; Perucho 
et al, 1980a). That in vitro ligation was 
unnecessary was suggested by the results of Warrick et 
al (1980) and Kiobutcher and Ruddle (1979) (discussed 
earlier), and shown by Wigler et al (1979b). Wigler 
et al reasoned that as in bacterial systems, 
transformation may be limited to a competent 
subpopulation of cells. If this were so, it may be 
possible to cotransform unlinked non- selectable DNA 
along with a selectable marker. Cotransfer with TK was 
shown for three different cotransforming DNAs. These were 
bacteriophage 0X174, pBR322 and a recombinant 
bacteriophage X which carries the rabbit -globin 
gene. In these experiments, a large molar excess of the 
cotransforming DNA was used: from 100 to 20,000 fold. In 
the majority of cases, clones of cells selected for TK 
expression also carried the cotransforming DNA. It may 
have been that transfer of the non-selectable DNA 
occurred with very high frequency. If this were so then 
the majority of cells in the population would be 
transformed for this DNA, not just those expressing the 
HSV TK gene. Fifteen clones isolated without selection 
- 16 - 
had incorporated no 0X174 sequences, whereas eight out of 
nine selected for HSV-TK in the same experiment were 
transformed for 0X174. By this method therefore, 
transformation of non-selectable DNA into cells is 
dependent on selection. 
1.7. The state of transforming DNA in the cell 
Pellicer et al (1978) showed in six transformants 
that the HSV TK gene was incorporated into the cell in an 
altered structure. Digestion with KpnI of DNA from two 
transformants gave a single discrete fragment which 
hybridised with an HSV TK probe, different in each case. 
KpnI does not cut the 3.4kb BarnHI fragment used to 
transform the cells and gave fragments larger than 
3.4kb. The use of other enzymes which cleave the 3.4kb 
BamHI fragment once or twice gave two or three fragments 
respectively, with total sizes greater than 3.4kb. These 
results were taken to show integration of the gene into 
host cell DNA although the origin of the flanking 
sequences had not been studied. In their study of 
cotransformation, Wigler et al (1979b) showed a similar 
change in structure of cotrans formed DNA. Once again it 
was assumed that the flanking DNA was of host cell 
origin. In many of the clones studied, there were 
several copies of the cotransformed DNA; the 
interpretation placed on these results was that each 
cotransformed molecule was incorporated into the cell's 
- 17 - 
genome by an independent integration event. This proved 
incorrect, as shown by Perucho et al (1980b). A cell 
line which had been transformed with HSV TK and 0X174 DNA 
was subjected to selection against TK. Twenty TK 
deficient subclones were established and analysed by 
Southern blotting; all had lost the HSV TK gene. The 
TK cell line contained about 25 copies of the 0X174 
DNA; each one of the TK revertants had lost some of 
this cotransformed DNA, eight had lost it all. The 
pattern of loss was non-random: some of the copies were 
lost less frequently than others. This was taken to be 
due to deletion of varying amounts of DNA in different 
revertants; those 0X174 sequences closest to the HSV TK 
gene being lost most often, those retained preferentially 
being furthest away. Similar results were seen with 
several other transformed cell lines. Another experiment 
further strengthened the conclusion that the selected 
marker and cotransforming DNA are genetically linked. 
Cells were transformed with a gene for a methotrexate 
(MTX) resistant dihydrofolate reductase (DHFR) and a non-
selected plasmid. These cells were selected for 
resistance to higher levels of MTX. Resistance resulted 
from amplification of the transformed DHFR gene; in two 
cases out of four, the cotransformed plasmid was 
amplified along with the DHFR gene. 
Physical linkage of DNA segments introduced into 
cells was also demonstrated in this paper. Three cell 
lines which had been cotransformed with E.coli plasmids 
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were used. DNA from these cells was digested with 
restriction endonucleases which did not cut the original 
plasmids. This DNA was ligated under conditions 
favouring the circularisation of single DNA molecules, 
and transformed into E.coli selecting for ampicillin 
resistance. The molecules rescued in this way contain 
plasmid DNA and the sequences adjacent to the plasmid in 
the genome of the cell. Analysis of the flanking DNA 
showed that it derived from the carrier DNA used in the 
calcium phosphate precipitation. it had previously been 
assumed that the role of the carrier DNA was in the 
formation of an effective calcium phosphate precipitate 
(undoubtedly true), but was inert in transforming the 
cells. Given the results obtained when cotransforming 
with defined sequences, it is hardly surprising that 
carrier DNA is also transferred, especially as the 
carrier DNA is present in a vast excess over the 
selectable marker. 
This analysis prompted a model of transformation in 
which the exogenous DNA is assembled into a large 
concatameric structure by intermolecular ligation. This 
structure is formed at early times and is stable: 
subclones derived from single cells of transformant 
colonies containing 8-20 cells per colony all showed the 
same pattern of cotransformed sequences as their sibling 
subclones. A calculation based on the proportions of 
defined co-transforming and carrier DNAs, and the number 
of copies of the cotransforming DNA molecules integrated 
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gave an estimated figure of 2000kb for the amount of DNA 
incorporated in one of the clones studied. 
1.8. The stability of transformed cells 
Not all cells stably express selected transferred 
genes. Schwartz et al (1971) fused chick and HPRT 
deficient mouse cells under conditions which cause 
fragmentation of the donor (chick) cell's chromosomes. 
Hybrid cells which expressed the chick HPRT (then known 
as inosinic acid pyrophosphorylase) were obtained, and 
were found to lose expression of HPRT when grown in non-
selective medium. McBride and Ozer (1973) in the first 
report of chromosome mediated gene transfer, found that 
one of the three clones they characterised lost 
expression of the transferred Chinese hamster HPRT gene 
at 10-20% per cell generation. Work done by Willecke and 
Ruddle (1975) suggests that the loss of expression in 
such cases is due to loss of the selected gene: three 
transformants obtained which expressed human HPRT in a 
mouse A9 recipient cell were studied. All three clones 
lost HPRT expression at about 3% per generation; if 
reversion was due to loss of expression with retention 
the human HPRT gene sequences, the cells should be able 
to re-revert to HAT resistance, expressing the human form 
of the enzyme. If, however, the human gene is lost from 
the revertant cells, any HAT resistant clones should 
originate by reversion of the mutant mouse HPRT gene and 
at a frequency comparable to that already found for this 
reversion (about 1o8). Willecke and Ruddle isolated 
between 20 and 35 revertant subclones from each of their 
three original transformed cell clones. These cells were 
grown for 20 generations in medium which selects for 
HPRT cells (containing azaguanine and thioguanine). 
About 1.8 x 1O 7 cells of each subclone were tested 
for growth in HAT medium. Two colonies were obtained 
(which may not have been independent), both were shown to 
express the mouse form of HPRT. Taking the total number 
of cells plated, the frequency of colony formation was 
comparable to the reversion frequency of the mouse parent 
cells. 
In a population of cells which tend to lose a 
transferred gene, growth in non-selective medium will 
lead to a gradual loss of the gene from the population. 
If the gene can be stabilised in some way (as the results 
of McBride and Ozer (1973) showed), then prolonged growth 
in HAT medium will select for these cells. Willecke et 
al (1976) analysed the stability of seven clones of 
TK mouse L cells which had been transformed to HAT 
resistance using human chromosomes. Two clones were 
found to be stable and three unstable. In addition, two 
clones were found to have mixed stability: on culture in 
non-selective medium, as increasing proportion of cells 
lost human TK expression until a certain level was 
reached. The remaining cells were those which were stable. 
In addition to this, two of the unstable clones were 
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grown in HAT for five months and then tested for 
stability: both then expressed the human TK gene stably. 
These results demonstrated that unstable and stable 
transformations are not necessarily due to transformation 
by different pathways. 
It had been suggested (Willecke et al, 1976) that 
instability of expression of transferred genes in CMGT is 
due to the fragmentation of chromosomes during transfer, 
thus separating the selected gene from the centromere. 
Such acentric chromosome fragments will not be 
distributed correctly into daughter cells during mitosis, 
and may not be incorporated into the nucleus reformed 
after cell division. Stable maintenance of the gene 
could result from incorporation of the transferred 
fragment into one of the chromosomes of the recipient 
cell, thus acquiring a centromere. 
Fournier and Ruddle (1977) performed a genetic 
analysis of the transition to stability. An unstably 
transformed cell line made using mouse A9 recipient cells 
and human (HeLa cell) chromosomes (Willecke and Ruddle, 
1975) was used. After prolonged cultivation in HAT 
medium, the cell line stably expressed human HPRT. 
Microcells were prepared from this cell line, and fused 
to HPRT Chinese hamster cells. Microcells are cells 
which contain only one or a few chromosomes; fusion with 
microcells leads to transfer of these chromosomes intact 
into the recipient cells. After selection on HAT 
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medium, a number of clones were isolated, each 
expressing the human form of HPRT. Karyotypic and 
isozyme analysis of these clones and HPRT subclones 
showed that in each clone, the human HPRT gene is 
associated with a particular mouse chromosome. 
Despite previous attempts (Willecke and Ruddle, 
1975; Willecke et al, 1976), Kiobutcher and Ruddle 
(1979) were the first to find cytologically visible donor 
chromosome fragments in cells transformed by CMGT. Two 
of their seven clones had visible human chromosomes on a 
mouse background. One of these clones was a stable 
transformant, and had a large human chromosome fragment 
translocated to a mouse chromosome; the other was 
unstable and had an independent fragment which gave the G-
banding pattern of human chromosome 17. Human chromosome 
17 normally carries the TK gene, which was selected for 
in these clones. Analysis of subclones of this unstable 
clone with respect to karyotypes and stability showed 
that stability was associated with translocation to a 
mouse chromosome and instability with independence. Three 
subclones with mixed populations of stable and unstable 
cells were mixed with respect to chromosomal 
association/independence of the human fragment. 
DNA mediated gene transfer also leads to unstable 
and stable transformation (Bacchetti and Graham, 1977; 
Wigler et al, 1979a; Huttner et al, 1981). Scangos 
et al (1981) made a detailed molecular study of the 
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stability of clones isolated after DMGT. Three clones 
were analysed, which had been isolated after 
transformation of TK mouse L cells with a linearised 
plasmid containing the HSV TK gene and a 1000 fold 
excess of TK L cell carrier DNA. Each of the 
clones reverted to the TK phenotype at about 10% per 
generation; TK subclones were found to carry no HSV 
TK DNA. 
The three clones were tested for their ability to 
attain stability of TK expression. The strategy was to 
grow the cells for an extended period in the absence of 
selection, and then to reapply selective pressure. Under 
such conditions, if the clone is unstable, the vast 
majority of the population will be derived from unstable 
cells, will have lost the transferred gene and will thus 
not grow on selection. The small proportion (if any) of 
stable transformants will have grown with a similar rate 
to the bulk of the population, and will appear as 
colonies. Each of the unstable transformants did produce 
stable derivatives. 
Restriction and blotting analysis of the unstable 
clones showed that the TK DNA was covalently linked to 
W'& 
other DNA sequences, although in contrast,çthe earlier 
findings (Pellicer et al, 1978), the TK DNA was present 
in multiple copies. Comparison of the unstable clones 
with the stable subclones revealed that not all of these 
sequences are linked together: the stable subclones each 
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contained a subset of the fragments found in their 
unstable parent cell lines. Analysis of unstable 
subclones of the unstable parent cell lines confirms this 
result. In each subclone, a subset of the HSV 
TK fragments present in the parent cell line was 
observed, except in one case where a novel fragment was 
seen. Of the two parent cell lines analysed in this 
manner, one was shown to have two independently 
segregating units, and the other three. 
Several demonstrations of chromosomal linkage of DNA 
introduced into cells by DMGT had previously been 
published. Microcell fusion and segregation analysis 
has been used (Smiley et al, 1978; Willecke et al, 
1981; Scangos et al, 1981); the other approach used 
was in situ hybridisation to metaphase chromosomes 
(Robins et al, 1981; Huttner et al, 1981). All of 
these papers show linkage of the selected gene, or 
hybridisation, to a single chromosome. Folger et al 
(1982) analysed one of their stable subclones by 
microcell fusion and segregation analysis using TK 
Chinese hamster cells as recipients. Karyotypic analysis 
of TK hybrid cell lines and TK derivatives of 
them indicated linkage of the selected gene with an 
identifiable mouse chromosome. 
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1.9. Phenotype switching 
Reversion of cells transformed with HSV TK to BUdR 
resistance does not always occur by loss of the TK gene; 
TK derivatives of (TK) transformants have been 
obtained which retain the gene (Pellicer et al, 1980; 
Bastow et al, 1980; Ostrander et al, 1982). Some of 
these TK derivatives can rerevert to HAT resistance 
at a high frequency (greater than 1%) (Pellicer et al, 
1980; Ostrander et al, 1982). 
Ostrander et al studied two BUdR resistant 
subclones of a HSV TK transformed L cell line, which both 
rereverted to HAT resistance at high frequency. One of 
these subclones was found to express TK mRNA even when 
grown in BUdR, and a proportion of these cells were 
phenotypically TK + since they were capable of 
incorporating tritiated thymidine into cellular DNA. 
This was not due to a discrete subpopulation of cells 
since most single cell derived clones grown in BUdR 
contained a proportion of TK+  cells as assayed by 
tritiated thymidine incorporation. The second subclone 
which switched phenotype at high frequency did not 
express detectable TK mRNA when grown in BUdR. Growth of 
these cells in HAT medium or in non-selective medium led 
to accumulation of TK mRNA. 
A subclone of a TK+  transformant which has 
retained the TK sequences but which fails to rerevert to 
HAT resistance at high frequency was obtained by 
Ostrander et al. DNA from this cell line was unable to 
transform TK cells to HAT resistance. The TK gene in 
this stably TK revertant was shown to contain 
methylated cytosine, a condition which has often been 
correlated with non-expression of genes (see Doerfier, 
1983). The TK gene of the parent (TK) cell line was 
not methylated; these data suggested that methylation 
was involved in the inability of the TK subclone to 
rerevert. Treatment of the TK subclone with 5 
azacytidine can reactivate the dormant TK gene. This 
drug is incorporated into DNA inducing a reduction in the 
level of DNA methylation. These data confirm the 
involvement of methylation in the suppression of 
expression in this cell line. 
1.10. Molecular cloning via DMGT 
The physical linkage of selected and co-transferred 
DNAs in transformants gave rise to new strategies for the 
molecular cloning of genes. The basic principle is that 
by co-transforming with a defined sequence not present 
in the recipient cells, the selected gene can be 
molecularly marked. In practice, this has been used in 
a number of ways. One common feature of each approach 
is that multiple rounds of transformation (usually 2) 
are involved. The initial transformation with genomic 
DNA is carried out with defined cotransforming DNA. Due 
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to the large amounts of exogenous DNA incorporated and 
high efficiency of cotransformation, many copies of the 
cotransforming DNA are transferred. DNA is prepared from 
these primary transformants and used for a seond 
transformation. As a consequence of this second round of 
transformation, the defined cotransforming sequences are 
diluted such that only those very closely linked to the 
selectable marker are cotransferred. 
The first published example of this strategy was 
the isolation of the chicken TK gene (Perucho et al, 
1980a). Chick DNA was cleaved with Hindlil (which does 
not inactivate the TK gene), ligated to Hindill 
linearised pBR322 and used for transformation. After a 
second round of transformation with DNA from selected 
primary transformants, four clones were found to have 
retained pBR322 sequences without deletion. DNA from one 
clone was cleaved with EcoRI or BainHI (neither of which 
cut the chick TK gene) and ligated at low concentration 
so as to favour circularisation and reduce inter-
molecular ligation. The circles produced were used to 
transform E.coli to ampicillin resistance. Two clones 
were obtained: one from each of the BainHI and EcoRI 
digestions. These "rescued" plasmids consist of pBR322 
with a small deletion (BamHI to Hindlil or Hindill to 
EcoRI), and DNA which was adjacent to the plasmid in the 
secondary transformant, each plasmid having sequences 
from one side or the other. Blotting showed that these 
sequences in the secondary transformant were derived from 
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chicken DNA and unrearranged with respect to their 
organisation in the chicken genome. The two plasmids 
were tested for their ability to confer HAT resistance on 
TK cells: the EcoRI rescued plasmid was positive. 
The rescued TK gene was compared with the chicken TK gene 
cloned by conventional methods in phage A and found to 
have an identical restriction map. The method of 
plasmid rescue is not universally applicable as it 
depends on functional plasmid being present in secondary 
transformants and on favourable positioning of 
restriction sites; also, a recent characterisation of 
plasmid rescue (Kiessling et al, 1984) has revealed 
that rescued plasmids often suffer deletions, a 
phenomenon also reported by Huberman et al (1984). 
These problems limit the usefulness of this method. 
Lowy et al (1980) proceeded along the same path 
as Perucho et al (1980a) using hamster DNA and 
selecting for APRT. The secondary transformant chosen 
was however shown to have lost a substantial part of the 
pBR322, including the origin of replication and the 
ampicillin resistance gene. This transformant was 
therefore unsuitable for plasmid rescue. A library was 
constructed from the DNA of this transformant in phage 
A , and screened for clones containing pBR322 
sequences. One hybridising plaque was identified, picked 
and shown to contain the APRT gene. 
An even simpler approach was used by Jolly et al 
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(1982) to clone the human HPRT gene. By using mouse 
cells as recipients, human DNA can be recognised by its 
repeated sequence content, obviating the need to 
cotransform with (for example) pBR322. After two rounds 
of transformation and selection for HPRT, several cell 
lines were established. DNA from these cell lines 
contained common fragments when digested with EcoRI and 
probed with total human DNA. One of these common 
fragments was cloned in a plasmid from a size 
fractionated EcoRI digest, and selected by colony 
hybridisation with human DNA. After subcloning to rid 
the plasmid of repeats, the insert was shown to hybridise 
to RNA from human cells and HPRT transformed mouse cells, 
but not to RNA from the HPRT mouse parent cells. 
The plasmid clones do not however contain the entire HPRT 
gene. This strategy (with minor variations) has been 
applied to other genes (for example; Lin et al, 1983; 
Kuhn et al, 1984), but is limited to those genes which 
can be selected for. 
1.11. Circular DNA in Transformants 
Insertion of DNA into a gene or its control 
sequences constitutes a mutation of that gene. 
Integration of DNA in gene transfer experiments has been 
found to cause mutations (Henderson et al, 1982; 
Schnieke et al, 1983; Wagner et al, 1983). 
Insertions can influence expression over a large 
distance: the insertion described by Henderson et al 
caused the transcriptional inactivation of an entire 
block of ribosomal RNA genes. Insertional mutagenesis by 
gene transfer techniques promises to be a useful method 
for the generation of new mutations not simply because 
previously unidentified genes may be found, but also 
because the inserted DNA provides a marker which would 
allow the cloning of the mutated gene. 
There are a number of reasons why it may be 
desirable to transfer DNA into cells such that 
integration into the host genome does not occur. The 
transferred genes would be in a defined sequence 
environment. This would simplify the interpretation of 
experiments in which the reverse genetic approach is 
taken. Molecules maintained in an extrachromosomal state 
could be recovered much more easily than integrated DNA, 
this would have a major impact on the cloning of genes 
via DMGT (see section 1.10). Transformation frequencies 
may be increased due to the elimination of the 
integration step. Additionally, experiments which cannot 
be performed if integration occurs would be possible. 
Examples are the isolation and characterisation of 
functional centromere and telomere sequences, analagous 
to the experiments performed in yeast by Clarke and 
Carbon (1980) and Szostak and Blackburn (1982) 
respectively. 
Most of the work aimed at obtaining extrachromosomal 
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maintainance of transferred DNA has exploited viruses 
which naturally replicate in an extrachromosomal form. 
The most intensively investigated system has been Bovine 
Papilloma Virus (e.g. Sarver et al, 1981). This 
initially promising system has been found to be 
unreliable since rearrangements of the vectors are very 
frequent, and integration of the DNA has been shown to 
occur (Alishire, 1985). Vectors based on Epstein Barr 
Virus are currently under development (Yates et al, 
1985). 
Some workers have reported extrachromosomal maintain-
ance of transferred plasmids which do not contain a 
viral origin of replication. Anderson et al (1980) 
found circular DNA in cells transformed by 
microinjection. Such molecules were rescued into 
bacteria (Kretschmer et al, 1981) and characterised. 
The majority of the rescued plasmids were unrearranged, 
the remainder fell into five classes of rearranged 
types. A subsequent publication from the same group 
contradicts the conclusion that replication is extra-
chromosomal (Huberman et al, 1984). Spandidos et al 
(1982) obtained extrachromosomal maintenance together 
with integration of a pAT153/HSV TK recombinant plasmid 
after transformation by calcium phosphate precipitation 
without using carrier DNA. The copy number of the 
plasmid varied during growth on selection; in non-
selective medium the expression of TK was unstable, the 
loss of HAT resistance correlating with loss of the 
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plasmid. 
The generality of extrachromosomal maint e.nance of 
transferred plasmids without viral origins of replication 
is unclear. The cell lines obtained during the work for 
this thesis were examined for this mode of replication. 
1.12. 	How is DNA joined during transformation? 
DNA which has been introduced into cells becomes 
linked both to other introduced DNA molecules (Section 
1.7) and to chromosoma]. DNA of the host cell (Section 
1.8). 
Winocour and Keshet (1980) cotransfected 
bacteriophage 0X174 DNA together with SV40 DNA into 
African green monkey cells, and obtained a heterogeneous 
population of recombinants between the two viruses. The 
finding of recombinants in 1% of cells which contained 
replicating virus and the heterogeneity of the recovered 
recombinants suggested that recombination between 
heterologous DNAs is common. 
Folger et al (1982) compared the efficiency of 
expression after microinjection of intact TK genes with 
that of fragments of TK genes containing either the 
promoter or coding sequences. Injection of such 
fragments alone gave no expression (measured as the 
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proportion of cells injected which incorporated tritiated 
thymidine); coinjection of fragments carrying the coding 
sequences with promoter fragments gave expression at a 
level of about 10% of that obtained by injection of the 
intact gene. Similar proportions were found if the two 
fragments had homologous cohesive ends or different 
cohesive ends, even if one end had a 5' overhang and the 
other a 3' overhang. This shows that non-specific 
ligation of DNA ends is very efficient. 
Miller and Temin (1983) found that subgenomic 
fragments of a cloned spleen necrosis provirus, with 
homologous cohesive ends could give a level of 
infectivity equal to that of the intact proviral DNA when 
introduced by calcium phosphate precipitation. 
A comparison of ligation after DEAE-Dextran 
transfection or microinjection was made by Kopckick and 
Stacey (1984). Using an elegant experimental design, 
they were able to detect both accurate and inaccurate 
ligation. A cloned avian sarcoma virus genome, cleaved 
within the p01 gene, will only be able to initiate a 
productive infection if the religation is accurate, 
restoring the poi gene function. Inaccurate ligation 
will result in a mutated p01 gene and thus no virus 
production. In the expression of the env gene, 
transcription proceeds from the promoter, through the p01 
gene, into env gene sequences; Sequences of the p01 gene 
are spliced out to form a functional env mRNA. 
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Expression of the env gene requires (in this system) 
religation of the cleaved p01 gene, but is insensitive 
to the fidelity of the ligation reaction. Expression of 
env was detected using an env Rous sarcoma virus 
transformed cell line; expression of env alone induces a 
productive infection in these cells. Accurate ligation 
was very efficient after microinjection, although blunt 
ended molecules were ligated less well. After DEAE 
dextran mediated introduction of DNA into the cells 
inaccurate ligation was frequent and accurate ligation 
uncommon. 
End to end ligation of transferred DNA molecules is 
efficient, but is this the only mechanism? Transformation 
with circular DNA molecules is possible (Huttner et al, 
1979; Anderson et al, 1980), although it is possible 
that linearisatjon of the circular molecules occurs and 
only the linear subpopulation is capable of joining with 
other DNA molecules and therefore of integration. 
Homologous recombination involves breakage and 
rejoining at internal positions, and has been observed in 
mammalian cells by a number of groups. Small and Scangos 
(1983) made two mutant TK genes by deletion of 5 control 
sequences or coding sequences from the middle of the 
gene. The deletions did not overlap; an accurate 
recombination event between the two mutant genes would 
give a completely normal copy of the TK gene and a copy 
which carries both deletions. Transformation of mouse L 
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cells with the gene having the 5 control sequence 
deletion gave about 1% of the number of colonies as a 
wild type gene; the coding sequence deletion gave no 
transformants. When the two plasmids were mixed and used 
for transformation, the frequency was about 10% of that 
given by the wild type gene. Analysis of the DNA from 
five cell lines obtained by transformation with a mixture 
of the two mutant genes was performed using restriction 
enzymes which would give predicted fragments 
corresponding to a functional (wild type) gene and the 
reciprocal product of homologous recombination, a double 
mutant gene. In each case, a band characteristic of the 
wild type gene was found; the double mutant gene was 
found in four of the five clones. The high frequency of 
formation of a functional TK gene and the co-ordinate 
formation of the double mutant gene show that the 
recombination events were sequence specific. Similar 
experiments were done by de Saint Vincent and Wahl 
(1983), giving similar results. The gene used in this 
study was CAD, which codes for a multifunctional enzyme 
of the uridine biosynthesis pathway. The recipient cells 
were uridine auxotrophic Chinese hamster ovary cells; 
transformation was by the protoplast fusion method. Both 
the predicted wild type CAD gene and the reciprocal 
double mutant gene were found in uridine protoophs; the 
transformation frequency when two defective genes were 
introduced was 1% of that obtained with a wild type gene. 
Shapiro et al (1983) obtained results consistent 
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with another prediction of recombination by homologous 
recombination: dependence of the frequency of 
recombination on the length of the region of homology. 
TK L cells were transformed with TK genes mutated by 
insertion of XhoI linkers: 8 base pair DNA fragments 
containing the recognition site for XhoI. Such an 
insertion introduces a frame shift in the protein coding 
sequences. The mutated genes did transform TK L 
cells, but at a low frequency. Three genes had 
insertions 0.22, 0.34 and 1.12kb from the translation 
start site and were transformed together in pairs by 
calcium phosphate precipitation. The pair of mutants 
with insertions separated by 0.12kb gave about 7% the 
number of transformants as the wild type gene. The other 
two combinations of mutants, with 0.78 or 0.9kb 
separation, respectively gave 23 or 22% of the wild type 
transformation frequency. 
In yeast, integration of transforming DNA often 
occurs into a homo]ous locus (Hinnen et al, 1978). 
The frequency of integration by homologous recombination 
can be increased by treatment of the transforming DNA 
(Orr-Weaver et al, 1981). Plasmids linearised at a 
point within the sequence homologous with the chromosomal 
'target' sequence transform yeast more efficiently; 
introduction of a double strand gap into the plasmid 
(within the region containing sequences homologous with 
the yeast chromosome) increased the transformation 
efficiency further. As predicted if this treatment 
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increases homologous integration, the proportion of 
transformants with DNA integrated at the homologous site 
is increased and plasmids linearised or with gaps outside 
the homologous region have less effect (although 
transformation is increased). 
Kucherlapati et al (1984) tested treated DNA for 
0 
stimulation of homo]ous recombination in human EJ cells. 
Two plasmids containi 	deletion mutants of the Neo gene 
the deletions were at positions 0.5kb apart. 
Transformation with a mixture of one circular plasmid and 
one digested to give a gap within the Neo gene stimulated 
recombination by as much as nine fold. 
In the experiments discussed above, it is not 
possible to say whether the homologous recombination 
events take place before or after integration into the 
cells' chromosomes. Lin and Sternberg (1984) have, 
however, shown that homologous recombination can ocur in 
between DNA segments after insertion into a chromosome. 
Two defective TK genes were cloned in a phage 
vector. The genes carried deletions at either the 5' end 
or the 3' end and were cloned in the same orientation 
with respect to each other; the 3'-deleted gene was 
upstream of the 5'-deleted gene. The transformation with 
this recombinant into mouse L cells gave TK+  cells, 
but 1000 fold less frequently than with an intact gene. 
Transformants obtained contained a large number of TK 
genes; the TK+  phenotype was taken to be due to a low 
- 38 - 
level of expression from the multiple defective TK 
genes. Three such transformants were selected for 
reversion to the TK phenotype: three revertants were 
found to have deleted most of the transformed DNA, but 
had retained 10 to 20 copies of the recombinant phage. 
These TK cell lines were reselected with HAT medium, 
TK+ colonies were formed by two of the cell lines at 
frequencies of 2 x 10 6  and 2.5 x 10 6  the other 
line gave none, from a total of 10  cells. Ten 
independent TK+  clones were isolated from each of the 
two cell lines which gave colonies, DNA was isolated and 
analysed. All of these clones contained fragments of a 
size predicted if the transition from TK to TK 4 
was due to a homologous recombination event, and which 
were absent in the TK parental cells. 
Integration of transferred genes at the homologous 
loci has been looked for. After chromosome-mediated gene 
transfer of the human TK gene into mouse cells. 
Willecke et al (1978) looked for linkage of a 
transferred (human) TK gene with mouse galactokinase 
(GALK) by microcell fusion (see Section 1.8). Ten TK 
transformed cell lines were analysed: TK and GALK always 
segregated away from each other. In a similar study by 
Willecke et al (1981), a mouse cell transformed for 
HPRT using total mouse DNA was tested for linkage of HPRT 
with the X chromosome, which normally carried HPRT. This 
transformant was shown to have the TK gene linked to 
chromosome 3. One mechanism which could explain 
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apparently non-specific integration is sequence specific 
recombination between sequences which are repeated in the 
genome and, if homologous carrier DNA is used, in the 
transforming DNA. Part of the work in this thesis was 
done to test this hypothesis. 
1.13. Satellite DNA and Mif-1 sequences 
Satellite DNA and Mif-1 are two examples of highly 
repeated sequences in the mouse genome, with very 
different characteristics. Much of the work presented in 
this thesis was concerned with the transfer of the HSV-1 
TK gene in plasmids containing cloned representatives of 
these two sequence families. 
Satellite DNA was originally identified as a 
fraction with a different buoyant density by CsC1 density 
gradient centrifugation, and was so called because it 
formed a satellite band above the main band of DNA. 
Reassociatjon studies later showed that this fraction has 
a lower complexity and thus that this DNA is highly 
repeated: about a million copies of a 300bp sequence. 
Restriction endonuclease digestion showed that the 
repeated units are tandemly arranged (see Bostock, 
1980). Horz and Altenburger (1981) sequenced mouse 
satellite DNA showing that the repeat unit is 234bp in 
length. Satellite DNA is predominantly found in 
constitutive heterochrornatj, and is transcribed little 
or not at all (see Bostock and Sumner, 1978). 
MEMO 
Mif-i is a dispersed repeated sequence originally 
identified as a 1.3kb EcoRl fragment (Chen and 
Schjldraut, 1980; Heller and Arnheim, 1980). This 
fragment was subsequently found to be part of a larger 
structure of up to 6.5kb (Fanning, 1983; Bennet and 
Hastie, 1984). Mif-1 sequences (also known as Li) make 
up about 1% of the mouse genome. 
Two properties of satellite DNA raise interesting 
questions. The centromeric location of satellite DNA 
presents the possibility that satellite DNA has 
centromeric activity. Secondly, the naturally hetero-
chromatic nature of satellite DNA raises the question of 
its influence on expression of closely linked genes. 
Both satellite DNA and Mif-1 present very large potential 
C 
targets for integration by homologous rmbination of 
plasmids containing these sequences. Each of these 
potential effects of repeated sequences on DMGT has been 
studied. 
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CHAPTER 
MATERIALS AND METHODS 
2.1. Mouse Cells and Media 
The cell line used was the mouse L cell line 
Ltap207, or sublines derived from it by transformation. 
Ltap207 is a subclone of Ltap20 which was a gift from F. 
L. Graham (McMasters University, Canada), and is 
deficient in thymidine kinase (TK ) and adenosine 
phosphoribosyl transferase (APRT). Non- 
selective medium was c-modified Eagle's medium 
without ribonucleosides and deoxyribonucleosides (Gibco) 
supplemented with 10% donor calf serum (Flow 
Laboratories, heat inactivated at 55 0C for 30 
minutes), 100 units/ml penicillin and streptomycin 
(Gibco). Ltap207 cells were normally grown at 37 0C in 
this medium with 50iiM 5-Bromo-2'-deoxyuridine (BUdR) to 
select against TK+  revertants (Kit et al, 1963). 
Selection for TK+  cells was with HAT medium: non-
selective medium with 0.1mM hypoxanthine, 0.44pg/ml 
amethopterin (Methotrexate, Lederle), 15DM thymidine and 
3pM glycine (Littlefield, 1964). Rescue medium for cells 
withdrawn from HAT selection was non-selective medium 
with 3pg/ml calcium formyltetrathydrofolate (Calcium 
leucovorin, Lederle). Culture vessels were plastic flasks 
and petri dishes (NUNC or Falcon); cells in petri dishes 
were maintained in 5% CO 2/95% air in a humidified 
incubator, flasks were gassed with 10%CO 2 /90% air. 
Cells were given fresh medium or subcultured if necessary 
once or twice per week; for subculture, they were 
detached from the substrate by trypsinisation. Trypsin 
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solution was 0.05% (w:v) trypsin (Difco), 5.55mM glucose, 
0.269mM EDTA, 137mM NaCl, 5.35mM KC1, 0.22mM KH 2PO4 , 
0.168mM Na 2HPO4 buffered to about pH7.4 with 
NaHCO 3 . 
2.2. Frozen storage of cells 
Cells to be frozen in a viable state were harvested 
by trypsinisation, mixed with complete medium to inhibit 
the trypsin and pelleted by centrifugation at 150g for 5 
minutes. The pellet was resuspended in freezing medium 
(5% dimethylsuiphoxide (DMSO): 95% serum (v:v)) at a 
density of up to 5 x 10 cells/ml. 0.5m1 aliquots 
were dispensed into l.Oml NUNC cryotubes, frozen slowly 
to -70°C and then stored in liquid nitrogen. Cells 
were thawed rapidly by immersion of the vial in water at 
370C. After culture of the cells overnight to allow 
the cells to attach, the medium was changed to remove the 
DMSO. 
2.3. Mycoplasma tests 
Contamination of cell cultures with mycoplasmas will 
prevent growth on HAT medium (for example Boyle et al, 
1981). Cells were checked for (absence of) mnycoplasma 
contamination by the method of Chen (1977). Cells were 
grown on a glass cover slip; and when at a suitable 
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density (at least one day after plating) they were 
fixed. Methanol/ Acetic acid (3:1, v:v) fixative was 
added dropwise to the petri dish without prior removal of 
the medium, until the dish was full. After two minutes, 
the dish was emptied and fresh fixative added and left 
for 5 minutes, this was repeated once more. The cover 
slip was air dried and then stained in 0.05pg/ml Hoechst 
33258 in distilled H 2  0 for 10 minutes, washed in 
distilled water and mounted on a microscope slide in 
Dulbecco's phosphate buffered saline (PBS, Oxoid). When 
viewed by fluorescence microscopy, mycoplasmas appear as 
bright spots over the cytoplasm of cells. Cells free of 
rnycoplasma have brightly fluorescent nuclei, occasional 
micronuclei and lightly fluorescent cytoplasm. 
2.4. Transformation of mouse Ltap207 cells 
2.4.a. Calcium Phosphate precipitation 
This procedure was based on the method of Graham 
et al (1980), although most transformations were 
done without the use of carrier DNA. 
Cells were plated one day prior to transformation, 
usually in 6cm diameter petri dishes, 2 x 10 cells 
per dish in 5m1 non-selective medium. 24 hours later, 
the calcium phosphate/DNA co-precipitate was prepared. 
The DNA in 10mM Tris, 1mM EDTA pH7.5 (TE) was mixed with 
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distilled water, TE and 20 x Cad 2 (see below) to 
give final concentrations of 0.2 x TE, 2 x CaC1 2 and 
20-138g/m1 DNA (pure plasmid transformations) or 10g/rn1 
carrier DNA (see below) and 80-690ng/rnl plasmid (carrier 
DNA transformations). This solution was sterilised by 
filtration (0.22rn rnillipore or zetapore). The calcium 
phosphate/DNA co-precipitate was formed by dropwise 
addition of the CaCl 2 /DNA solution to an equal volume 
of 2 x HEPES buffered saline (HEBS, see below) in a 
plastic centrifuge tube (Falcon). Gentle mixing was 
provided by bubbling air through a disposable plastic 
pipette (1-2 bubbles/second). 20 x Cad 2 is 2.5M 
CaC1 2 in H20, 2 x HEBS is 50mM HEPES, 280mM NaCl, 
1.5mM Na 2 HPO4 .12H 20, pH7.10. These solutions 
were made up the same day as they were used, and were 
filter sterilised. 
After the precipitation mixture had been allowed to 
stand at room temperature for 20-30 minutes it was mixed 
briefly to resuspend the clumps of precipitate and to 
break up any large clumps. 0.5m1 of the precipitate was 
added to each petri dish with a plastic pipette. After 
16-20 hours the medium was aspirated and replaced with 
5m1 fresh non-selective medium. After a further 24 
hours this was changed for HAT medium; the HAT medium was 
then changed every 3-4 days. Colonies visible to the 
naked eye appeared after a week to 10 days. Colones were 
picked by the cloning ring method (Reid, 1979): sterile 
metal or glass rings about 6mm in diameter and 1cm high 
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were gently touched on the surface of some sterile 
silicone grease and positioned over the selected 
colonies. The medium was removed from within the ring 
and replaced with trypsin, which was changed several 
times until the cells had all detached; the cells were 
put into small (25cm2 surface area) flasks with the 
appropriate medium. Usually only a single colony was 
picked from a dish; these colonies had a minimum of 100 
cells and were well separated from other colonies. 
When a colony count was required, dishes were fixed 
and stained 7-14 days after selection, as follows: the 
medium was aspirated, the cells washed in PBS for 15 
minutes, and fixed for 5 minutes in 100% methanol. 
Colonies were stained for 10 minutes in 10% Giemsa's 
stain (BDH) in distilled water (v:v), rinsed in water and 
air dried. Colonies were counted with the naked eye or 
with a low power microscope (if selected for less than 
10 days). 
2.4.b. Microinjection 
Briefly, a glass microinjection pipette, controlled 
by a micromanipulator and viewed by phase contrast 
microscopy is inserted into the nucleus of a cell. A 
small volume of a DNA solution is injected by 
application of pressure with a syringe, and the pipette 
withdrawn. 
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My microinjection system is based on those of 
Diacumakos (1973) and Graessmann et al (1980). It 
differs from both, however, as I have used an inverted 
microscope; this allows greater convenience than the 
system used by Diacumakos and more precision than the 
method of Graessmann et al. 
2 .4.b. 1. Microinjection pipette manufacture 
Microinjection pipettes were made from borosilicate 
glass capillary tubing (10cm long, 1.0mm outside 
diameter, 0.78rnnt inside diameter, "Kwik Fil", Clark 
Electromedical Instruments). Stocks of this tubing were 
cleaned by soaking in 96% ethanol overnight and thorough 
drying. Washed tubing was kept covered to prevent 
contamination with dust. 
Pipettes were pulled on a horizontal microelectrode 
puller (C. F. Palmer) to give a tip diameter of less than 
l.Oiim and probably less than 0.5m (the exact size was 
unknown). The optimum settings for the microelectrode 
puller (heat and pull) were determined by trial 
injections with pipettes made using various settings. Two 
equal length pipettes were obtained from a single 
capillary. These pipettes were given two bends (Fig. 
2.1) The first bend was made 2.5cm from the broad end to 
an angle of about 650  over a micro-bunsen flame (Fig. 
2.1.B). The second bend was made about 1.5mm from the 
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FIGURE 2.1. Microinjection pipette manufacture 
Microinjection pipette after pulling. 
Microinjection pipette after the first bend. 
Tip of the microinjection pipette showing the 
position and movement of the microforge filament 
for introduction of the second bend. 
Tip of the rnicroinjection pipette after introduction 
of the second bend. The pipette is now ready for 
use. 
/ 
pipette tip on a de Fonbrune m.icroforge, to bring the two 
ends of the pipette almost parallel (diverging 
slightly). The pipette with a single bend was mounted 
into the holder of the microforge, the tip brought into 
focus and centered in the microscope field. The heating 
filament (which has a U shaped bend) was brought up to the 
pipette, about 1.5mm from the tip, the heating current 
switched on, and moved horizontally against the pipette 
causing it to bend away (Fig. 2.1.C,D). The second bend 
was made in the same plane as the first bend. 
2.4.b.2. Microinjection apparatus 
The apparatus (Fig. 2.2) was housed in a still air 
hood fitted with a germicidal ultra violet light 
(Philips) for sterilisation. The microscope and 
rnicromanipulator receiver were mounted on a heavy iron 
block (45cm x 45cm x 5cm) which was supported on six 
silicone rubber bungs to absorb vibration. The 
microscope was a Leitz Diavert inverted microscope, 
converted to fixed stage working and with a 12v, 50w 
halogen lamp as light source. Objectives were lOx, 20x 
and. 32x phase contrast, long working distance, and 2.5x 
bright field. A trinocular eyepiece tube with lOx 
eyepieces and a video camera was fitted to allow 
recordings of manipulations. The camera was Panasonic 
model WV-1450/B, the recorder JVC model Cr-6060E and the 
monitor Panasonic model WV-5410. I used a de Fonbrune 
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FIGURE 2.2 Microinjection apparatus 
A 	 Microscope 
B 	 Micropipette holder 
C 	 Micromanipulator receiver 
D 	 Manipulator 
E 	 Additional X and Z controls 








rnicrornanipulator, which consists of two modules 
(manipulator and receiver) linked by flexible rubber 
tubes (de Fonbrune, 1949). The manipulator is controlled 
by the operator and the receiver moves the microinjection 
pipette in response. This micromanipulator has two major 
advantages over other models. Firstly, there is no 
backlash on movements, and secondly, as the manipulator 
and receiver are separate, there is no direct transfer of 
vibration from the hand to the pipette. Unfortunately, 
due to the pneumatic operation of this machine, it is 
very sensitive to changes in air pressure. Opening and 
closing of doors, for example, will cause abrupt 
movements of the pipette. 
The manipulator has a single handle which controls 
the pipette in the x and y directions by movement in x 
and y, and in the z direction by twisting the handle. I 
modified the micromanipulator to give additional fine 
controls in the x and z directions; these are controlled 
separately and are thus totally independent of each 
other. The modifications consisted of the addition of 
micrometer controlled automatic syringes joined into the 
pneumatic lines for x and z using T junctions. 
Injection was controlled using a lOOmi gas syringe 
with a lightly greased plunger, which was connected to 
the micro-injection pipette holder by a length of 
silicone rubber tubing. The pipette holder, which was 
attached to the micro-manipulator receiver via the tool 
- 49 - 
holder, was designed to give an airtight connection 
between the syringe and the microinjection pipette, and 
to hold the pipette firmly. 
2.4.b.3. Injection procedure 
Cells to be injected were plated in 3cm diameter 
petri dishes in non-selective medium containing 10mM 
HEPES (pH7.4). A range of cell densities were plated 
(10 to 10 cells per dish) to provide suitable 
recipient cultures for several days, but at least one day 
elapsed before injections. DNA for injection was diluted 
into PBS to 2.2nM (this is lOpg/ml for a 6.9kb 
molecule). This DNA solution was sterilised by 
filtration and stored frozen in aliquots. Prior to 
injection, DNA samples were centrifuged at 4°C in an 
Eppendorf centrifuge for a minimum of ten minutes to 
sediment any particulate matter, which would block the 
injection pipette. 
Microinjection pipettes (made and used the same day) 
were "backfilled" with DNA. A small amount of the DNA 
solution (<111) was transferred to the back (wide end) of 
the pipette. The tubing used to make the pipettes has a 
thin glass filament fused onto its inner wall, this 
causes the solution to be carried to the pipette tip 
by capillary action. The microinjection pipette was 
mounted in the pipette holder, brought over an open petri 
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FIGURE 2.3 Diagrammatic representation of the micro-
injection procedure. 
A 	Microinjection pipette over the nucleus of 
a cell (plan view, as seen down the micro-
scope) 
B 	 As (A), vertical section 
C 	 Microinjection pipette after lowering onto 
the cell (vertical section) 
D 	 Microinjection pipette advanced so as to 
penetrate plasma and nuclear membranes 
(vertical section) 
E 	 Microinjection pipette withdrawn from the 
cell after injection (vertical section) 

FIGURE 2.4. 	Microinjection of a cell 
A 	 Microinjection pipette above the nucleus of a 
cell to be injected 
B 	 Microinjection pipette after lowering onto 
the cell 
C 	 Microinjection pipette after penetration 
of the plasma and nuclear membranes. 
D 	 DNA being expelled from the microinjection 
pipette into the nucleus. Note the bright 
plume originating from the pipette tip, 
indicative of successful injection. 
E 	 Injected cell after withdrawal of the 
pipette. 
This injection was recorded on video tape, the photo-
graphs were taken from still frames displayed on the 
monitor. 








dish of cells and lowered until the tip was submerged. 
The tip was brought into the centre of the microscope 
field while viewing under low power magnification, and 
lowered until it was close to the monolayer of cells. 
The magnification was increased, the pipette tip 
recentred and lowered until just touching a cell, and 
then raised a little using the micrometer control. 
Pressure was applied to the gas syringe to clear any 
material at the pipette tip. 
The injection pipette was brought over the nucleus 
of a cell, above and slightly to the right (Figs. 
2.3.A,B 2.4.A), gently lowered until the tip caused a 
depression on the cell surface (Figs. 2.3.C; 2.4.B) and 
then advanced (along the pipette axis) until the tip 
penetrated the nucleus (Figs. 2.3.D; 2.4.C). Gentle 
pressure was applied to the gas syringe, and released 
when the DNA flowed into the cell: this was seen as a 
temporary lightening of the nucleoplasm under phase 
contrast (Fig. 2.4.D). The pipette was carefully 
withdrawn (Figs. 2.3.E 2.4.E). Cells which were 
suspected to have been killed by this procedure were 
injected with a large volume to ensure that they were 
dead. Such cells were not counted as injected cells. 
have assumed that the volume injected was about ten 
ferntolitres (10 11m1), approximately 1% of the volume 
of a cell, as measured by Graessmann et al (1980) and 
Capecchi (1980). This corresponds to 13 molecules per 
cell at the DNA concentrations I have used. Up to 100 
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cells were injected on a petri dish, but prolonged (more 
than 30 minutes) injection times were avoided as the 
cells were at room temperature without a CO 2 /air 
mixture maintaining the correct pH. After injection the 
petri dishes were immediately returned to the incubator. 
Contamination of cultures was uncommon. A fresh 
microinjection pipette was used for each new petri dish. 
2.5. Labelling and Autoradiography of Cells 
For experiments involving tritium incorporation and 
autoradiography, cells were grown on glass cover slips 
in petri dishes. Cells were incubated with tritiated 
thymidine ( 3HT) at liCi/ml (50Ci/mMol) for 24 
hours. Cultures were fixed in 4% formaldehyde in PBS for 
20 minutes at room temerature. The acid soluble pool of 
3H was extracted by washing for five minutes with ice-
cold 5% (w:v) trichioroacetic acid (TCA), which was 
extracted by three five minute washes in 70% ethanol and 
two in 96% ethanol. The coverslips were dried in air, 
and mounted (cell side up) on microscope slides with DPX 
mountant ( BDH). The mountant was allowed to dry for a 
minimum of two days before autoradiography. 
Slides were coated with Ilford Nuclear Research 
Emulsion type K2 by dipping. A water bath set at 
46°C was used to prewarm the slides and melt the 
emulsion. The slides to be dipped were placed back to 
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back in coplin jars in the water bath for at least half 
an hour prior to dipping. Under a safelight (dark red, 
Wratten No. 2) the emulsion was dispensed into a 
scintillation vial which was tightly closed, and floated 
in the water bath. 
After at least ten minutes, the now molten emulsion 
was mixed very carefully with an equal volume of 
prewarmed distilled water, and poured into the dipping 
vessel (Lab-Tek Cyto-Mailer). Care was taken not to 
introduce bubbles into the emulsion at any stage. Pairs 
of slides were dipped, and after a few seconds removed 
from the emulsion. After draining excess emulsion off 
for a few seconds, the slides were separated and placed 
vertically in a test tube rack to dry. The safelight was 
switched off and the slides allowed to dry for 2-3 
hours. When dry, the slides were placed in light tight 
slide boxes containing a small test tube of silica gel. 
Care was taken not to allow the silica gel to come into 
contact with the slides as it would cause chemical 
exposure of the emulsion. The slide boxes were sealed 
with tape and kept at 4°C during exposure. Exposure 
times were 24 hours to 2 months depending on the amount 
of 3 H incorporated; the correct exposure was 
determined by including test slides in the experiments. 
The slide boxes were placed at room temperature for 
several hours prior to development. Slides were 
developed back to back in Kodak D19 developer at 20 0C 
in coplin jars for 4 minutes. After a rinse in distilled 
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water they were fixed for 2 minutes in 1 + 3 diluted 
Amfix (May & Baker). After fixation slides were soaked 
in several changes of water. Cells were stained in 5% 
(v:v) Giemsa's stain in 50mM phosphate buffer (pH6.8) for 
five minutes and destained in several changes of water. 
The emulsion on the back of the slide was removed by 
wiping with a damp tissue. The slide was allowed to dry, 
and a coverslip mounted over the cells. 
2.6. Preparation of DNA from culture cells 
High molecular weight DNA for use as carrier in 
transformation experiments was made essentially by the 
method of Graham et al (1980). Confluent 75cm 2 
flasks of Ltap207 cells were used, washed with PBS, 50ml 
sterile 10mM Tris pH7.4, 10mM EDTA 0.4% SDS, 0.5mg/mi 
autodigested pronase was added, and the lysate incubated 
overnight at 37°C. The lysate was gently extracted 
once with phenol, and the aqueous phase dialysed 
aseptically against several changes of 0.1 x SSC and once 
against 0.1 x HEBS, 0.1mM EDTA. This DNA was kept at 
40C. The concentration of DNA was determined by the 
diphenylamine reaction (Section 2.7); about two 
thirds of the nucleic acid was DNA and one third RNA. 
DNA for restriction analysis was prepared by a 
modification of the method of Gross-Bel].ard et al 
(1973). Cells harvested by trypsinisation were 
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resuspended in lOml4 Tris, 10mM EDTA, 10mM NaCl, pH8.0, at 
about 2 x 1O 7  cells/mi. Sodium dodecyl sulphate (SDS) 
and autodigested pronase were added to concentrations of 
0.5% and lOOpg/ml respectively. The lysate was incubated 
at 37°C overnight with gentle mixing and extracted 
twice with phenol. The upper phase was dialysed 
extensively against 10mM Tris, 10mM EDTA, pH8.0. Heat 
treated ribonuclease was added to 50pg/ml and incubated 
at 370C for four hours. SDS was added to 0.5% and 
autodigested pronase to lOOpg/ml. This was incubated 
overnight and extracted with phenol. The upper phase was 
dialysed against TE. The DNA concentration was measured 
by absorbance at 260nm. 
This method was later replaced by a much more 
convenient method. Cell monolayers were washed with PBS, 
and cells harvested by scraping with a rubber policeman 
into PBS. The cells were pelleted (150g. 5 mins), the 
supernatant discarded and the pellets frozen at -70 °c 
until required. The pellets were thawed and resuspended 
in 10mM Tris, 10mM EDTA, 10mM NaCl pH8.0. SDS was added 
to 0.5% and autodigested pronase to lOOpg/ml. Pronase 
digestion was overnight at 37 0C with gentle mixing. 
The DNA was extracted twice with phenol/chloroform/ 
isoamyl alcohol (48:24:1) and once with chloroform/ 
isoamyl alcohol (24:1), made up to 0.3M sodium acetate 
and precipitated with 2 volumes of absolute ethanol. The 
precipitate was recovered by centrifugation, washed with 
70% ethanol and redissolved in TE overnight. The DNA was 
- 55 - 
then dialysed against TE overnight. This procedure gives 
high molecular weight DNA (>50kb) which is digestable by 
restriction enzymes and which can be labelled with 
32 P by nick translation (Section 2.20). The 
concentration was estimated by absorption at 260nm, 
assuming that two thirds of the absorption to be due to 
DNA and one third due to RNA. Yields were up to 600pg of 
DNA per 175cm 2 flask of cells. 
2.7. Diphenylamine estimation of DNA concentration 
This method (Giles and Myers, 1965) was used because it 
was insensitive to contaminating RNA. DNA solutions in 
5m1 stoppered test tubes were brought to 10% with respect 
to perchioric acid in a final volume of 0.5ml. An equal 
volume of 4% diphenylamine (w:v) in glacial acetic acid 
was added followed by 251 1.6mg/mi acetaldehyde. The 
reagents were mixed, the tubes closed with well greased 
stoppers, and incubated overnight at 30 0C. It was 
necessary to do parallel reactions with a series of 
standard DNA concentrations (ideally 5-501g/m1, RNA-free 
measured by absorbance at 260rirn) and a blank with no DNA. 
The optical density of each reaction was measured 
(against the no DNA blank) at 700nm and 595nm. The 	700  
was substracted from 0D 595 to eliminate the 
effect of turbidity, and a calibration curve drawn of 
(0D595 minus 0D 7 ) against DNA concentration. 
The concentration of DNA in samples was read off this 
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graph. If the 0D 595 was too high for accurate 
determination, the samples were diluted with 10% acetic 
acid. This was usually avoided by making a rough 
estimate of DNA concentration by absorbance at 260rim and 
adjusting the "unknown" concentration to less than SOug/mi. 
2.8. Thymidine Kinase enzyme assays 
Cells intended for assays of TK activity were grown 
in the absence of thymidine, washed twice with PBS and 
harvested by scraping into PBS. An aliquot was removed 
and cells counted using a Coulter counter or a 
haemocytometer. The remaining cells were pelleted by 
centrifugation (150g, 5 mins), the supernatant was 
removed and the pellet resuspended in TK extraction 
buffer (20mM Tris-Ci pH7.5, 1mM ATP, 1mM -mercaptoethanol) 
at 1o 7 or 10  cells/mi. The cell suspension was 
transferred to N'UNC cryotubes and frozen in liquid 
nitrogen until required. Cell lysis was by freeze-thaw: 
the suspension was thawed and subjected to two further 
cycles of freeze-thaw. It was cleared of cell debris by 
centrifugation in an Eppendorf centrifuge for 20 minutes 
at 4°C. 
The reaction conditions were based on those of 
Summers and Summers (1977) but with a reduced thymidine 
concentration to improve the sensitivity of the assay. 
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Reactions were performed in 5 to 50pl in covered 
humidified micro-titre plates in a humidified 37°c 
incubator. The reactions were made up from one tenth 
volume of lOx assay buffer (1.5M Tris-Ci pH7.5, 0.16M 
MgC1 21  0.25M NaF, 0.08M phosphocreatine, 5mg/mi 
bovine serum albumin (fraction V), 5011M thymidine, 0.16M 
ATP, 10 units/ml creatine phosphokinase), one tenth 
volume of 3 H (lmCi/ml, approx. 50Ci/rnMol), the 
remaining 80% of the reaction was made up from 
appropriate amounts of cell extract and extraction 
buffer. Reactions were generally performed for 24 hours. 
The rate of reaction was linearly proportional to time 
and to the amount of cell extract, providing the extent 
of the reaction was below 35%. 
For each TK assay a set of reactions was performed 
using a range of concentrations of cell extracts. 
These concentrations ranged from 8 x 10 down to 10 
cell equivalents per microlitre as appropriate. A 
standard set of reactions was performed in parallel with 
an extract of a cell line stably transformed with HSV1 tk 
(LTAP207-pBR328/TK2 clone 1, a gift from Chris Tyler-
Smith), at 0- 1800 cell equivalents per microlitre; 
activities were expressed with respect to this cell line. 
After incubation, one fifth of each reaction was 
spotted onto each of four DEAE paper circles (Whatman 
DE81), two were dried and two were washed in 3 changes 
of 96% ethanol, 10 minutes each change, with stirring, 
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and dried, tinder these conditions, background binding 
of 3 H is about 1%, and binding of TMP is about 90% 
as assayed by binding of 14C TMP (Amersham). The 
radioactivity on the filter circles was determined by 
liquid scintillation counting (scintillant was 5g/1 PP0, 
0.3g/l dimethyl POPOP in toluene). After subtraction of 
background counts (each vial with scintillant but no 
filter), the percentage incorporation was calculated for 
each reaction. Using those reactions which gave 
incorporations no greater than 30%, a linear regression 
analysis was performed of incorporation against cell 
equivalents per microlitre. The slope of the line 
represents the activity; correlation co-efficients were 
usually better than 0.995 and always better than 0.95. 
2.9. Bacterial Culture 
The host strain for all plasmids used was 
Escherichia coli HB101 [F, hsd 20(rB,MB) 
recA13, ara-14, proA2, lacYl, galK2, rpsL20(Smr), xyl-5, 
mtl-1, suppE44, X J (Maniatis et al, 1982). 
E.coli HB101 was grown at 37 °C in L broth with 
shaking or on L agar plates. L broth is 1% Bacto 
Tryptone (Difco), 0.5% Yeast Extract (Difco), 0.5% NaCl, 
0.1% glucose and 10mM MgSO 4 (p117.2); L agar is 1% 
Bacto Tryptone, 0.5% yeast extract, 1% NaCl, 10mM 
MgSO4 and 1.5% agar (Difco). Antibiotics were used 
to select for bacteria carrying plasmids: ampicillin at 
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50ug/ml; tetracycline at 15g/m1. 
2.10. Transformation of E.coli HB101 
Transformation competent E.coli were made and 
frozen by the method of Morrison (1979). HB101 were 
grown to an 0D 550 of 0.5 in L broth at 37 °c 
(ensuring that growth was rapid), and chilled on ice. 
The cells were centrifuged at 1000g for 5 rnins in a 
precooled centrifuge. The pellet of cells was 
resuspended in 0.25 volume of ice cold 0.1M MgC1 2 and 
incubated on ice for 20 mins. The cells were centrifuged 
once more and the cell pellet resuspended in 0.05 volume 
of ice cold 86% 0.1M CaC12 , 14% glycerol. The 
competent cells were aliquoted into chilled eppendorf 
tubes (0.lml per tube), frozen in liquid nitrogen and 
stored at -700C. Competent cells were allowed to 
thaw on ice for 10 mins prior to transformation, then the 
DNA (up to 50ng per tube) was added. The cells were left 
on ice for a further 30 mins to allow adsorption of the 
DNA. A two minute heat shock (42 °c) was given and 
the cells diluted with imi of L broth. After incubation 
at 370C for 30 mins to allow expression of the 
plasmid genes, 20-200p1 aliquots of the cell suspension 
were plated out on L agar plates with the apppropriate 
antibiotic. Transformation frequencies were 1 x lO 
to 5 x 10 5 colonies per microgram of pBR328/TK2. 
2.11. Preparation of plasmid DNA 
2.11.a. Cracking method (Maniatis et al 1982, p.370) 
This method is very rapid and requires very few 
manipulations; the DNA was however unsuitable for 
restriction analysis. A small portion of a colony was 
picked using a plastic innoculating needle and suspended 
in 25p1 of 5mM NaOH, 0.5% SDS, 5mM EDTA, 0.025% 
bromocreosol green in a microtitre plate. The wells 
were sealed with tape and the plate incubated at 
65°C for 45-60 minutes. 2.5p]. of 25% Ficoll was 
added, gently mixed in and the whole sample loaded on an 
agarose gel for electrophoresis.. 
2.11.b. Rapid boiling method 
This method (Holmes and Quigley, 1981) can be used 
to make plasmid from liquid culture or colonies, and 
gives DNA suitable for restriction analysis. An 
Eppendorf tube was filled with a saturated culture, and 
the bacteria pelleted by centrifugation for a few 
seconds. The medium was removed and the pellet 
resuspended in 350l of freshly made up STET (8% sucrose, 
0.5% Triton X-100, 50mM EDTA, 10mM Tris pH8.0). 25u1 of 
lOmg/ml lysozyme in STET (freshly made up) was added. 
After mixing, the tube was placed in a boiling water bath 
for 40 seconds and centrifuged at room temperature for 10-
15 minutes. After transfer of the supernatant to a fresh 
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tube or removal of the gelatinous precipitate, 30j1 of 3M 
sodium acetate was added followed by 3501il of 
isopropanol. The contents of the tube were mixed and 
placed at -200C for 10 minutes and centrifuged for 5- 
10 minutes at 4°C. The pellet was washed with water 
saturated ether to remove the isopropanol and the ether 
allowed to evaporate off. The pellet was resuspended in 
1503i1 of TE containing 10jg/ml RNase. 101i1 of this was 
sufficient for a single gel track. If a Colony was used, 
it was supsended in lOOp 1 of STET, and all further steps 
adjusted accordingly. 
2.11.c. 	Alkaline extraction method 
This method (Birnboizn and Doly, 1979) was used for 
large scale preparations of plasmid DNAs. The bacteria 
were grown in two litre flasks containing 500m1 L broth 
and the appropriate antibiotic; the flasks were 
innoculated with a few mis of a small overnight culture 
(from a single colony) and incubated overnight with 
vigorous shaking. The bacteria were harvested from the 
saturated culture by 5 mins centrifugation at 7000 rpm in 
a Sorvall GSA rotor at 0°C. For a one litre culture, 
the pelleted bacteria were resuspended in 36m1 of 50mM 
glucose, 25mM Tris pH8, 10mM EDTA. 4m1 of lysozyme 
freshly dissolved in the same buffer at 40mg/ml was mixed 
in, and allowed to stand at room temperature for 10 
minutes. 80rnl 1% SDS, 0.2M NaOH was mixed in, causing 
lysis, and placed on ice for 5 minutes, after which 40m1 
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of cold 3M potassium acetate, 2M acetic acid, was added 
and mixed in thoroughly. After 15 minutes on ice, lOmi 
of water was added and the white precipitate collected by 
centrifugation at 8000 rpm in the Sorvall GSA rotor at 
0 0C for 5 minutes. The supernatant was strained 
through muslin or a plastic tea strainer and 0.6 volume 
of isopropanol was added. The precipitate was collected 
by centrifugation at 8000 rpm for 5 mins, and drained 
thoroughly. The pellet was resuspended in ilmi of TE, 
and brought to neutral pH by addition of 2M Tris base 
(usually 200p1). The volume was made up to 13.4m1 with 
TE, 14.8g of CsC1 was added and 1.4ml lomg/ml ethidium 
bromide. This was centrifuged in a Sorvall TV8658 
vertical rotor for 20 hours at 40,000 rpm. The plasmid 
band (the lower of the two) was removed from the gradient 
under long wave UV light using a syringe and needle, 
taking care to avoid the protein and RNA pellets on the 
wall of the tube. The ethidium bromide was removed by 
several extractions with isopropanol saturated with CsC1 
and H20, and the DNA was precipitated by addition of 
3 volumes of 70% ethanol. The DNA pellet was washed with 
70% ethanol, redissolved in 0.45m1 TE, 45jl of 3M sodium 
acetate was added and lrnl of 96% ethanol. The precipitate 
was collected, washed with 70% ethanol, drained 
thoroughly and redissolved in TE. Yields were usually 
greater than 1mg DNA per litre of starting culture. After 
each preparation was made, the identity of the plasmid 
was confirmed by restriction analysis. 
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2.12. Plasmids 
The following recombinant plasmids were used in 
mouse cell transformation experiments and as 
hybridisation probes (see also Fig.2.5). 
pAT153/TK: This plasmid (a gift from Dr. N. M. Wilkie, 
Glasgow) has the 3.6kb BamHI £ fragment of Herpes 
Simplex virus type 1 (Wilkie et al, 1979) inserted 
into the Ban-HI site of pAT153 (Twigg and Sherratt, 
1980). 
pBR328/TK2: This plasrnid (a gift from Dr. C. Tyler-Smith, 
Edinburgh) has the 2.0kb PvuII subfragment of the BarnHI 
2 fragment of HSV1 inserted into the PvuII site of 
pBR328 (Soberon et al, 1980). 
pBR328/TK2/Sat2, pBR328/TK2/Sat4 and pBR328/TK2/Sat5 
(gifts from Dr. C. Tyler-Smith) contain fragments of 
mouse satellite DNA cloned in the BarnHI site of 
pBR328/TK2. The fragments of mouse satellite DNA were 
made by partially digesting CsC1 gradient purified mouse 
satellite with MboI. The sizes of mouse satellite DNA 
inserts are 5.0kb, 0.25kb and 2.7kb respectively. These 
plasmids give the expected pattern of hybridisation when 
used as probes against digested mouse DNA (Fig. 2.6.). 
pBR328/TK2/Mif-1 was made by subcloning the 4.0kb BamHI 
insert of pMRB1-3 (a gift from Dr. M. Meunier-Rotival, 
FIGURE 2.5 Maps of plasmids pAT153/TK, pBR328/TK2 
-. 
Vector sequences are shown as a single line, inserts (TK, 
Satellite DNA and Mif-l) are shown boxed.Only relevant 
restriction sites are shown. Additional Aval and BglII 
sites are present within the TK portions of these 
plasmids, but were not mapped. 




















FIGURE 2.6 Confirmation of satellite DNA inserts in 
pBR328/TK2/Sat2, pBR328/TK2/Sat4 and 
pBR328/TK2/Sat5. 
Mouse L cell DNA was digested with Hindlil (H), MboI (M), 
BainHI (B), Ec0RU(R) or Avail (A) and electrophoresed 
(21ig per track) on 2% agarose gel. After transfer to 
nitrocellulose, hybridisation was performed with 32  P 
labelled pBR38/TK2/Sat2 (2), pBR328/TK2/Sat4 (4) or 
pBR328/TK2/Sat5 (5) followed by autoradiography. 
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Paris; Meunier-Rotjval et al, 1982) into the BamHI site 
of pBR328/TK2 as described below. 
2.13. Construction of pBR328/TK2/Mif-1 
pMRB1-3 was digested to completion with BamHI, PstI 
and HincII (BainHI to release the 4.0kb insert from the 
pBR322 vector, PstI and Hincli to cleave the vector 
facilitating purification of the insert). The 4.0kb 
insert was purified by polyacrylamide gel electrophoresis 
(see below). pBR328/TK2 was cleaved to completion with 
BarnHI, and recovered by phenol extraction and ethanol 
precipitation. 20ng of the vector and 6Ong of insert were 
ligated at 16 0C overnight. The ligation mix 
contained 50mM Tris (pH7.5) 10mM MgC1
20' 1mM 
dithiothrejto]. (DTT) and 1mM ATP. 0.5 unit of T4 DNA 
ligase was used (Amersham). The ligation mix was 
transformed into competent HB101 cells and plated on 
L Agar containing ampicillin 
After colony hybridisation (Section 2.14) to 
identify clones with plasmids carrying mouse DNA, one 
colony was picked and the plasmid analysed by restriction 
digestion. Knowing the structures of the vector and the 
insert, the sizes of EcoRI generated fragments were 
predicted for the two expected products (Fig.2.7). The 
fragments obtained (5,6, 2.0, 2.0 and 1.3kb) agreed with 
one of the predictions (Fig.2.7, plasmid A). 
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FIGURE 2.7 Construction of pBR328/TK2/Mif-1 
The 4.0kb BamHI fragment of Mif-1 DNA in pMRB1-3 was 
ligated into BamHI cleaved pBR328/TK2. The orientation 
of the insert was determined by EcoRI digestion, 
predicted to give fragments of 5.6, 2.0, 2.0 and 1.3kb 
for orientation A, and 4.0, 3.6, 2.0 and 1.3kb for 
orientation B. The plasmid pBR328/TK2/Mif-1 contains the 
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2.14. Colony Hybridisation 
Colony hybrdisation was used to screen colonies 
for the presence of the 4.0kb BamHI Mif-1 insert. The 
method was based on that of Grunstein and Hogness 
(1975). Nitrocellulose circles were wetted with sterile 
distilled H 2  0 and carefully lowered onto the colonies 
on agar plates. The filters and agar were pierced with a 
syringe needle to code each filter and 	plate and 
provide orientation marks. The filters were lifted off 
and placed (cell side up) on a piece of Whatman Chroma 17 
paper saturated with 0.5M NaOH and left for 7 mins. They 
were transferred to a piece of Chroma 17 paper saturated 
with l.OM Tris-Ci pH7.4 for 2 mins, and a fresh piece for 
another 2 mins. Finally they were transferred to Chroma 
17 paper with 1.5M NaCl, 0.5M Tris-Cl p117.4 for 4 mins, 
dried and baked for 2 hours under vacuum at 80 °C. The 
filters were hybridised with nick translated mouse 
Ltap207 cell line DNA (see 2.20 and 2.21). An overnight 
exposure was sufficient to identify colonies carrying Mif-
1 containing plasmids. 
2.15. Storage of plasmids 
All plasmids were stored as pure DNA in solution 
frozen at -200C, and as frozen cultures. A saturated 
culture of E.coli HB101 harbouring the plasmid was 
mixed with 0.25 volume of glycerol, and frozen at -700C. 
EMPIRM 
2.16. Satellite Gradients 
The method of Manuelidis (1977) was used to 
fractionate mouse DNA by density. This method employs 
Hoechst 33258 binding to DNA and CsC1 gradient 
centrifugation. The dye binds preferentially to the A & 
T rich satellite DNA making iL less dense and thus 
improving the separation of satellite DNA from main band 
DNA. 
The buffer for gradients was 50mM Tris-Cl pH8.0, 
10mM EDTA, 0.5% Sarkosyl. SOpg DNA in 0.5m1 was mixed 
with 501.g Hoechst 33258 in 0.5m1. 4.119g of CsCl and 
2.46m1 of buffer were added giving a total volume of 
4.5rnl and a density of 1.67g/ml; the density was checked 
by measurement of refractive index, (n,0 = 1.3968 for 
1.67g/ml) and if incorrect was adjusted by addition of 
buffer or CsC1. The gradients were spun in a Sorvall 
T865 rotor at 35,000 rpm for 40 hours. The satellite 
and main bands were identified by viewing under long wave 
UV light, and the gradients fractionated using a Buchier 
Auto densi-flow IIC fractionator. Each fraction was 
treated as follows: the Hoechst dye was removed by three 
extractions using CsC1/H20 saturated isopropanol, 25pg 
of tRNA was added and 3 volumes of 70% ethanol. The 
DNA was pelleted by centrifugation at room temperature, 
and washed overnight in 70% ethanol. The DNA was 
redissolved, reprecipitated, washed, dried and finally 
redissolved in TE. Most fractions were digestable after 
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this procedure. 
2.17. Restriction endonuclease digestion 
Tables 2.1 and 2.2 show the enzymes used and the 
buffer conditions. Restriction enzymes were purchased 
from Amersham International plc, Boehringer Mannheim 
GmbH, Bethesda Research Laboratories, New England Biolabs 
or P. & S. Biochemicals. Digests were usually performed 
at a DNA concentration of 0.2.ig/pi using 0.5 unit of 
enzyme per microgram of DNA overnight. Small scale 
digests were done with a lower DNA concentration, a 
shorter incubation time and more enzyme (typically 2 
hours with 2 units per microgram). When DNA was to be 
used for Southern blot analysis a O.Spg aliquot was run 
on an agarose gel to check for complete digestion. On 
occasion, when problems were encountered in getting DNA 
to digest, gelatin was added to a final concentration of 
0.1mg/mi and spermidine dihydrochioride to 4mM (Bouche, 
1981). 
Digested DNA for Southern blotting was recovered by 
ethanol precipitation: 1/10th volume of 3M sodium acetate 
and 2 volumes of absolute ethanol were added. The 
mixture was chilled on liquid nitrogen for a few minutes 
and centrifuged for 10 mins at 4 0  C in an Eppendorf 
centrifuge. As much of the supernatant as possible was 
removed, and the pellet dried under vacuum, in air in a 
dri-block at 50°C or at room temperature. Care was 
TABLE 2.1 
	























See Table 2 
TABLE 2.2 	Restriction endonuclease buffers 
Buffer Tris NaCl KCL MgC1 2  PTT -mercaptoethanol pH 
Low salt 10 10 1 7.5 
Medium salt 10 50 10 1 7.5 
High salt 50 100 10 1 7.5 
Clal 10 10 1 8.0 
Smal 10 20 10 1 8.0 
XbaI 6 150 6 7 7,9 
Final concentrations are qiven and are in mm 
taken not to overdry the pellet as the DNA becomes 
difficult to redissolve. The DNA was dissolved in TE or 
distilled water. 
2.18. Gel electrophoresis 
2.18.a. Agarose gel electrophoresis 
Agarose gels were prepared and run according to 
Sealey and Southern (1982). Agarose (Miles) 
concentrations varied between 0.6% and 2.0% according to 
the particular application. 3mm thick vertical gels were 
run in 'E' buffer (26mM Na 2HPO4 , 1mM EDTA pH7.5- 
8.0) at 1 V/cm for high resolution purposes and up to 5 
V/cm for quick results. The 'E' buffer was recirculated 
to maintain the pH. Gels were made with varying 
dimensions (8cm x 8cm to 18cm x 18cm) according to the 
use; sample wells were from 3mm to 1cm wide. Samples had 
1/10th volume of lOx loading buffer added (lox loading 
buffer is: 10 x E buffer, 30% Ficoll, 0.25% orange G). 
The Ficoll causes the sample to sink, and the orange G 
acts as a visible marker to assess the progress of 
electrophoresis. 
Molecular weight standards used were Aval, Hindlil 
or XhoI digested Ac1857 and undigested Xc1857 DNA 
(Boehringer). The fragment sizes were calculated from 
the nucleotide sequence of phage X (Sanger et al, 
TABLE 2.3 Molecular weight standards 
A cIindlts857Sam7 
undigested Aval Hindlil 	XhoI 
48502 14677 (27491) (48502) 
(13334) 23130* 33498* 









Sizes are given in base pairs. 
Sizes marked with asterisks are end fragments 
and often anneal to give 'extra' bands, 
bracketed. 
1982) as in the EMBL sequence database, using the MAPSORT 
program of the University of Wisconsin Genetics Package 
(Devereux et al, 1984) and are given in Table 2.3. 
The distances migrated by fragments were determined by 
microdensitometry of gel photographs or autoradiographs, 
and using these measurements the sizes of 'unknown' 
fragments were determined by the local 3 point method of 
Southern (1979) using a program written by E. M. Southern, 
on a Superbrain Microcomputer. 
After electrophoresis, DNA in gels was stained by 
soaking in 0.5ug/ml ethidium bromide in E buffer for 30 
mins. Gels were photographed resting on black Perspex 
plates under oblique short wave UV (254mm) illumination, 
using 12.5cm x 10.0cm Ilford FP4 or Kodak technical pan 
film 2415. A red filter (Hoya 25A) was fitted over the 
camera lens. The film was developed in Ilford Microphen 
developer for 5 rnins at 20°c, rinsed in 5% acetic 
acid stop bath and fixed in 1 + 3 Amfix (May and Baker) 
for 3 mins. 
2.18.b. Polyacrylamide gel electrophoresis 
Polyacrylamide gels were used for the isolation of 
restriction fragments for cloning or for use as 
hybridisation probes. Polyacrylamide gels have the 
advantage of a high loading capacity (51jg/mm 2 ) but 
the disadvantage that resolution is poor for fragments 
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above 1kb in length. Gels were made from the following 
stock solutions: 30% acrylamide in H 2 0 (filtered) 
(29:1 acrylamide: N,N'Methylene bis-acrylamide), 10% 
ammonium persuiphate (fresh), TEMED (Eastman-Kodak) and 
10 x TBE (lx TBE is 0.089M Tris, 0.089M Boric acid, 0.2mM 
EDTA; pH8.3). The acrylamide, ammonium persulphate, 10 x 
TBE and water were mixed to give 3.5% acrylamide, 0.067% 
ammonium persuiphate, 1 x TBE. This mixture was 
degassed and TEMED added (0.5l/ml). The gel was poured 
immediately into a gel box with a detachable front plate 
and a 2% agarose in TBE plug. The back plate of the gel 
box was siliconised.Samples were loaded in TBE, 3% 
Ficoll, 0.05% bromophenol blue and xylene cyanol F.F. In 
3.5% gels, these dyes run at lOObp and 460bp 
respectively. 
After electrophoresis for the required time, the gel 
was stained with ethidiurn bromide very briefly and the 
required band excised under long wave UV light. The gel 
slice was placed into a siliconised polypropylene tube 
and mashed to a paste with a siliconised glass rod. 3 
volumes of distilled water wx_f.-& added to the paste and the 
DNA eluted overnight at 37 0C with gentle mixing. The 
polyacrylarnide was removed by centrifugation and the 
supernatant concentrated with 2-butanol. The butanol was 
extracted with water saturated ether and the DNA 
precipitated with ethanol. A sizable salt precipitate 
results from this procedure, but this does not prevent 
ligation and nick translation but does reduce the 
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efficiency slightly. Yields of DNA purified by this 
procedure were high: 50% for a 4kb fragment, 80% for a 
2kb fragment. 
2.19. Southern Blotting (Southern, 1975) 
After being photographed, the DNA in agarose gels 
was denatured by soaking in 0.5M NaOH, 1.5M NaCl for a 
minimum of 30 mins., followed by neutralisation in 3M 
NaCl, 1.OM Tris-HC1 pH5.0 (30 mins). The blotting 
apparatus (Sealey and Southern, 1982) was flooded with 20 
x SSC (1 x SSC is 0.15M NaCl, 0.015M sodium citrate 
pH7.0). Four strips of Nescofilrn were placed on the 
apparatus leaving a square window smaller than the gel. 
The gel was placed over the window and the Nescofilm 
carefully withdrawn to leave a narrow overlap all the way 
round the gel. Excess liquid on the gel surface was 
removed by running over it with a pipette. The 
nitrocellulose filter (Schleicher and Schuell BA85) had 
previously been cut to size and wetted by floating on 
0.1% SDS for a few minutes, submerged, rinsed several 
times in distilled H 2  0 and soaked in 5 x SSC. The 
filter was thoroughly drained and placed on the gel, 
taking care to avoid trapping bubbles or moving the 
filter across the gel. Any air bubbles trapped were 
expelled by gently rubbing them it towards the side with 
a gloved finger. A sheet of Chroma 17 paper which had 
been wetted in 5 x SSC was placed on top of the 
nitrocellulose, followed by a dry sheet. Paper towels 
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were stacked on to a height of 5-10cm, a glass plate 
placed on top and the whole apparatus covered with a 
sheet of plastic. A weight was placed on the glass 
plate. Blotting took place overnight. The position of 
the wells and edges of the gels were marked on the 
nitrocellulose using a ball point pen, the filters were 
removed, rinsed in 5 x SSC for a few minutes and dried in 
air. The blots were baked under vacuum at 80 0C for 
two hours. 
2.20. Nick Translation of DNA 
DNA to be used as a probe in hybridisation reactions 
was labelled by nick translation (Maniatis et al, 1975; 
Rigby et al, 1977). Nick translation reactions were 
made up as follows: 2.il lOx buffer (0.5M Tris-Ci pH7.8, 
50mM MgC1
21  100mM -mercaptoethanol, 0.5mg/mi 
BSA); DNA (usually 0.1.ig); liii of each of 32 PdCTP 
and 32 PdTTP (410 Ci/rnMol, lOrnCi/ml; Amershani); liii 
of each of unlabelled 0.1mM dATP and dGTP; ll of 
10 mg/ml DNaseI; 1 unit of DNA polymerase I 
(Arnersham) and water to 20ijl. Incubation was at 15 0C 
for varying times, determined by assaying incorporation 
 32 P nto TCA insoluble material at intervals. The 
percentage incorporation was checked by spotting a small 
(less than 0.1pl) aliquot onto a glass fibre filter 
(Whatrnan GF/A) prewetted with 10% TCA and counting with a 
Geiger counter (total counts). The unincorporated 
- 73 - 
32 P was washed off with 10% TCA at room temperature 
and the filter counted again. Incorporation was typically 
within the range 25-70% giving specific activities of 1-3 
x 10  dpm/pg, usually taking 30-60 mins to achieve 
this level. The reaction was stopped by extraction with 
phenol/chloroform/ isoamyl alcohol (48/24/1; v/v/v) after 
increasing the volume to 50pl with TE. lOng of salmon 
sperm carrier DNA was added and precipitated with 2/3 
volume of SM Ainmonium acetate and 2 volumes of absolute 
ethanol. The mixture was frozen on liquid nitrogen 
before centrifugation. The pellet was redissolved in TE. 
2.21. Hybridisation 
Filters to be hybridised (usually 15cm x 20cm) were 
wetted by floating on 5 x SSC for a few minutes and 
lowered into a hybridisation tube (Sealey and Southern, 
1982) full of bubble free 5 x SSC. The 5 x SSC was 
poured out and 20m1 of prehybridisation solution poured 
in. The pre-hybridsation solution was 5x SET (1 x SET is 
0.15M NaCl, 20mM Tris, pH7.8, 1mM EDTA), 0.1% SDS, 0.1% 
tetra-sodium pyrophosphate, 100ig/ml denatured sonicated 
salmon sperm DNA, 5x Denhardt's solution (lx Denhardt's 
solution is 0.02% Ficoll, 0.02% polyvinyl pyrollidone, 
0.02% bovine serum albumin (Denhardt, 1966)). The filter 
was prehybridised for at least 2 hours at 68 °C. 
The 32 P labelled probe was denatured by boiling 
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for 10 mins and mixed into lOml of preheated 
hybridisation solution (same as prehybridisation 
solution, but also containing 10% dextran sulphate). 
Filters were hybridised overnight at 68°C. Stock 
solutions of 20x SET/20x Denhardt's solution, 10% 
Na4PPi, 10% SDS and 20% dextran sulphate had all 
been filtered through Millipore HAWP filters. 
After hybridisation, filters were washed at 50-
550C as follows. The hybridisation solution was 
discarded and the filters rinsed and then washed for 30 
mins in lx SSC, 0.1% SDS, 0.1% Na4PPi, and washed 
twice in 0.1 x SSC, 0.1% SDS, 0.1% Na 4PP1 for 30 mins 
each wash. 
2.22. Autoradiography 
Air dried filters were mounted on cardboard and 
covered with plastic film (Vitafilm, Goodyear). Fuji RX 
X-ray film was preflashed, sandwiched between the filter 
and an intensifying screen (Ilford fast tungstate) and 
exposed at -700C (Laskey and Mills, 1977). Initial 
exposures were usually overnight, subsequent exposures 
were 1 hour to 3 weeks according to the amount of 32  P 
hybridised. Autoradiographs were developed in an Agfa 
Gevamatic 60 X- ray film processing machine with G-153 
developer and G-353 fixer. 
- 75 - 
CHAPTER 
CHARACTERISATION OF EARLY STAGES OF 
TRANSFORMATION 
3.1. Introduction 
This chapter describes the characterisation of early 
stages of transformation by calcium phosphate 
precipitation with respect to expression of the 
transferred genes and to stabilisation of expression. 
Experiments showing unstable expression of genes 
transferred by microinjection and characterising the 
causes of this instability are also presented. 
The recipient cells were TK mouse L cells, a 
cell type which may be transformed with high efficiency 
(Wigler et al, 1977; Maitland and McDougall, 1977; 
Minson et al, 1978; this chapter) by the calcium 
phosphate method of Graham and van der Eb (1973). In 
order to maximise the level of expression, carrier DNA 
was omitted when making the calcium phosphate/DNA 
coprecipitate, but a high concentration of pure pBR328/ 
TK2 DNA was used. Plasmid pBR328/TK2 has the thymidine 
kinase gene of Herpes simplex virus-1 cloned as a 2kb 
PvuII fragment in the PvuII site of pBR328 (Section 
2.12). Transformations performed in this way give very 
high frequencies of colony formation under HAT selection 
(Sections 3.4 and 3.6). 
Expression of the TK gene was assayed in three ways: 
determination of TK enzyme activity in cell extracts; 
colony formation in HAT medium and tritated thymidirie 
( 3HT) incorporation by cells. Cells which possess 
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the enzyme and which are actively growing will 
incorporate exogenously added 3 H into newly 
synthesised DNA. The amount of 3 H incorporated was 
assayed by liquid scintillation counting, and cells which 
had incorporated 3 H were identified by autoradiography 
in situ. 
Figure 3.1 is a flow chart of experiments described 
in this Chapter. In order to minimise variation, all of 
these experiments were performed in parallel using a 
single batch of recipient cells and the same preparation 
of calcium phosphate/DNA coprecipitate. 
3.2. Thymidine kinase enzyme activity 
The course of expression of the HSV TK gene was 
determined by measurement of TK activity at times between 
30 minutes and 7 days after addition of the calcium 
phosphate/DNA coprecipitate; the time points were at 
approximately 0, 1, 2, 3, 5 and 7 days. 
For each time point, cells were plated in triplicate 
in 9cm diameter petri dishes at a cell density predicted 
to give 5 x 10  cells per dish 
assuming a population doubling 
petri dish received 1.125m1 of 
coprecipitate, which contained 
DNA, keeping the density of pr 
at the time point, 
time of 24 hours. Each 
calcium phosphate/DNA 
45i-'g of pBR328/TK2 plasmid 
cipitate and concentration 
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FIGURE 3.1 Flowchart of experiments 
Type of information provided and relevant Sections 
are given for each experiment: 
A 	Timing and levels of TK expression. Section 3.2. 
B 	Incorporation of thymidine: proportion of cells 
incorporating thymidine and amount incorporated. 
Section 3.3. 
Stability of expression of TK in unselected cells. 
Section 3.5.1. 
C 	Transformation frequency. Section 3.4. 
D 	Stability of TK expression following short term 
selection. Section 3.5.2.1. 
E 	Stability of TK expression after long term 
selection. Section 3.5.2.2. 
F 	DNA analysis. Chapter 4. 
rICELLS PLATE lt= -1 day 
SELECTION 
APPLIED 
t= 2 days 
YESZ SELECTED? NO 













D ICELLS REPLATED 
-1  IN RESCUE MEDIUM t= 9 days 




t= 12 days 
TRITIATED TI-IYMIDINE 
ADDED 
t= 16 days 
CELLS FIXED 
t= 17 days 
CELLS AUTORADIOGRAP 
ICLONES PICKEDI 
E ICELLS PLATED AT 





[INCUBATED 24 hl 
FELLS FIXED AND 
IAUTORADIOGRAPHE 
F CLONES GROWN INT 
MASS CULTURE FOR 
DNA 
of calcium in the medium constant despite the difference 
in cell number. 
At each time point the appropriate petri dishes were 
emptied of medium and the monolayers washed with saline 
to remove the medium, calcium phosphate precipitate and 
any dead cells. The remaining cells were detached from 
the substrate by scraping, to avoid the possibility of 
degradation of the TK protein by trypsin. An extract of 
the cells from one of the three petri dishes at each time 
point was used to obtain a rough estimate of the level of 
TK enzyme activity; the other two extracts from each time 
point were used to make more precise determinations of 
activity using more appropriate concentrations of extract 
in the reactions. For details of the methods used, see 
Chapter 2. 
The results of this experiment are shown in Figure 
3.2. Essentially no TIC activity was detected in cells 30 
mins or 16 hours after the addition of DNA to the 
cultures. After 43.5 hours however, there was a 
significant level of activity which was increased at 65 
hours. By 166 hours, the amount of enzyme was falling, 
but was still high. The measurements of activities at 
113 hours were too variable to allow firm conclusions to 
be drawn about enzyme levels at this time. 
The level of TK activity of the transformed cell 
line used as a standard in enzyme determinations was 
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FIGURE 3.2 Time course of thym,idine kinase enzyme 
activity following transformation 
Enzyme activities relative to that of a standard cell 
line are plotted (±SEM) for time points of 0.5, 16, 43.5, 
62.25, 113.2 and 116 hours after addition of the calcium 
phosphate/DNA co-precipitate. For details of the 
experimental procedures see Sections 2.8 and 3.2). 









4.4±0.9 pxnoles/10 5  cells/hour; the levels found by 
Minson et al (1978) in cells transformed with sheared 
HSV-2 DNA ranged from 4 to 17 pmoles/10 5 cells/hour. 
The peak mean level of activity found during transient 
expression was 5.3±0.14 times that of my standard, or 
about 23 pmoles/10 5  cells/hour. This measured 
activity is the average of the activities in all the 
cells of population harvested, but it is unreasonable to 
expect expression in all cells. Determination of the 
proportion of cells which had the HSV TK enzyme was 
attempted by indirect iminunofluorescence, but the 
antiserum which was available to me was made against HSV-
1 infected cells, and failed to give iminunofluorescent 
staining with the control HSV TK+ transformed cell 
line. It also failed to inactivate TK in enzyme assay 
reactions (data not shown). 
3.3. Incorporation of thymidine 
Incorporation of thyrnidine by cells is a functional 
assay of transformation: if cells are to be able to grow 
on HAT medium, they must not only be making functional TK 
protein, but they must also be in a physiological 
condition which allows cell division using exogenous 
thymidine as a DNA precursor. Incubation of unselected 
cells with tritiated thymidine during various intervals 
(-1 to 0, 0 to 1, 1 to 2, 2 to 3, 4 to 5 and 6 to 7 
days) after transformation provided information in two 
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ways: scintillation counting was used to determine the 
amount of tritium incorporated into DNA and 
autoradiography to show which cells had incorporated the 
exogenously added thymidine. 
For each time interval, cells were plated in two 6cm 
diameter petri dishes which each contained seven 16mm 
diameter circular cover slips. The number of cells 
plated was the number predicted to give 10  cells per 
dish at the end of the time interval, assuming a 
population doubling time of 24 hours. Each petri dish 
had 0.5m1 of calcium phosphate precipitate added, 
containing 20g of pBR328/TK2 DNA. At the start of each 
time interval, tritiated thymidine was added to the 
appropriate cultures to a level of 1Ci/ml; after 24 
hours the cells were fixed and unincorporated tritium was 
extracted. The amount of radioactivity incorporated was 
determined by liquid scintillation counting: all 
fourteen coverslips were counted together in a single 
vial since the amounts of radioactivity on single cover 
slips were close to background levels. After counting, 
the coverlips were coated with autoradiographic emulsion 
which was developed after two months' exposure. This 
very long exposure was chosen to ensure detection of 
labelling in cells which had incorporated low levels of 
tritium. The cells were not stained, as staining can make 
it difficult to see silver grains over dividing cells and 
when small amounts of 3  H are incorporated. 
FIGURE 3.3 Time course of TK expression: enzyme 
activity and proportions of cells and 
colonies incorporating thymidine 
A 	Time course of TK enzyme activity following trans- 
formation (redrawn from Figure 3.2). 
B 	Time course of percentage of cells capable of 
incorporating thymidine following transformation 
(see Section 3.3 and Chapter 2 for details). 
C 	Time course of the proportion of colonies 
containing at least one labelled cell following 


























0 	1 	2 	3 	4 	5 	6 	7 
time/days 
Figure 3.3.B shows the percentage of cells which 
incorporated 3 H during each time interval; the time 
used for plotting the points is halfway through the 
labelling period, and will be used to refer to samples. 
No labelled cells were seen in the -0.5 or +0.5 day 
samples out of 2000 cells counted at each time (<0.05% 
labelled) or whilst scanning many more cells without 
counting. The first labelling was detected in the 1.5 
day sample in which 0.66% of cells had grains above 
them. The percentage of cells labelled increased 
approximately linearly with time to 2.3% at 4.5 days and 
fell rapidly to 0.67% after 6.5 days. This time course 
is similar to that seen for levels of TK activity 
(redrawn for comparison in Figure 3.3.A). 
The changes in the proportion of cells labelled 
could be due to cells gaining or losing TK enzyme 
activity, or to the TK expressing cells dividing at a 
rate different to that of the bulk of the population. If 
the change in proportion of cells labelled was due to 
differential growth rates, the proportion of colonies 
(derived from single cells at -1 day) which contain 
labelled cells should be the same at each time. If 
however the varying percentages which label were due to 
cells gaining or losing TK activity, then the proportion 
of colonies with labelled cells should follow the trend. 
The 2.5, 4.5 and 6.5 day samples were plated at a 
sufficiently low density to allow most individual 
colonies to be identified. The percentages of colonies 
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containing labelled cells at these times are plotted in 
Figure 3.3.C. From these data it is clear that cells 
gained the ability to incorporate 3 H between 2.5 and 
4.5 days, and lost this capacity between 4.5 and 6.5 
days. Part of the changes in the proportions of cells 
which label must be due to cells acquiring and losing the 
ability to use exogenously provided thymidine. 
The amounts of 3 H incorporated at the various 
time points are shown in Figure 3.4. In the population 
(Fig. 3.4.A), incorporated 3H was undetectable after 
0.5 day. After 1.5 days, the amount of radioactivity was 
1.6 cpm per thousand cells; incorporation increased 
almost linearly to 13.5 cpm per thousand cells at 4.5 
days, the rate of increase slowed to 6.5 days and 14.9 
cpm per thousand cells. Early stages of this time course 
are similar to those of TK enzyme activity and for the 
percentage of cells which incorporated thymidine. 
Between 4.5 and 6.5 days however, the rate of 
incorporation in the population increased whilst the 
level of TK activity and the proportion of cells which 
labelled fell. This reflects a change in the rate of 
3H incorporation by the labelled subpopulation of 
cells (Fig. 3.4.B) as calculated from the incorporation 
per thousand cells and the percentage of cells labelled. 
There is a gradual rise in the rate of incorporation per 
incorporating cell from 0.25 cpm at 1.5 days to 0.6 cpm 
at 4.5 days followed by a sharp increase to 2.2 cpm at 
6.5 days after transformation. 
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FIGURE 3.4 Time course of TK expression: amounts 
of thymidine incorporated 
A 	Incorporation of tritiated thymidine not corrected 
for the proportion of the population of cells 
which incorporated thymidine. 
B 	Incorporation of tritiated thymidine corrected to 
give the amount incorporated per cell by the 
labelled sub-population of cells. 
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Incorporation of thymidine not only requires TK 
activity, but the cell must also be synthesising DNA. 
The rate of incorporation of thymidine is dependent on 
the rate of DNA synthesis, itself dependent on the rate 
of cell division. The varying levels of incorporation of 
thymidine by the labelled cells could reflect changing 
growth rates. It is also possible however that the 
variable incorporation rates reflect different 
physiological states: de novo synthesis of TTP was not 
blocked by amethopterin in these cells, the changing 
levels of incorporation of the exogenous thymidine could 
be due to a changing ratio of de novo synthesised TTP 
to TTP derived from rescued tl -iymidine. The rate of cell 
division of the unlabelled fraction of the population 
(estimated from mean colony size, data not shown) did not 
show variation which would allow explanation of the 
variable incorporation rates by labelled cells as a part 
of the population growth pattern. After 6.5 days, the 
largest number of TK+  cells in a single colony was 40 
(this colony had no TK cells); the mean size of 
colonies with no labelling was 190 cells. This 
comparison suggests a differential growth rate between 
TK and TK cells at early stages in 
transformation such that TK cells have a growth 
advantage in the absence of selection. 
- 83 - 
3.4. Colony formation 
Fifteen 3cm petri dishes were plated with 5 x 10 4 
cells each; after 24 hours 51-Lg DNA in 12541 of calcium 
phosphate precipitate was added. Selection was applied 
two days later; after a further ten days, the colonies 
were fixed and stained. Colonies containing a minimum of 
25 cells were counted. 
A total of 2990 colonies were obtained; the total 
number of cells plated was 7.5 x 10 g . The 
transformation frequency was thus 0.4%. This is in 
marked contrast with the frequency of 1 to 10 colonies 
per million recipient cells reported by Huttner et al 
(1981) for transformation in the absence of carrier DNA. 
This may be explained by the lower DNA concentrations (1 
to 10g/ml) as opposed to 204g/ml) used by Huttr et 
al, and the shorter time their cells were exposed to 
the precipitate (4 hours as opposed to 16 to 20 hours). 
3.5. Stability of TK expression 
Data concerning the stability of expression 
of transferred TK genes relate to three stages of the 
transformation process. Firstly, the experiments 
described in section 3.3. give information about 
stability during the very early stages; secondly, the 
stability of TK expression cells was tested after a short 
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period of selection; thirdly, selected colonies were 
picked, expanded to 5 x 	to icf cells (about 
20 population doublings) in selective medium and then 
tested for stability. 
3.5.1. Stability of TK expression in unselected 
transformed cells 
The relevant data from Section 3.3 are the 
percentages of colonies which contained labelled cells at 
2.5, 4.5 and 6.5 days after addition of the DNA (Fig. 
3.3-C). It is apparent from these data that phenotypic 
expression of the exogenous gene was unstable: the 
percentage of colonies containing labelled cells was 
higher after 4.5 days than either 2.5 or 6.5 days, by one 
third and a quarter respectively. Since phenotypic 
expression in this assay requires not only functional TK 
enzyme, but also synthesis of DNA, changes in the rate of 
DNA synthesis may affect the results of this assay. Auto-
radiography is very sensitive. A cell with 20 grains is 
easily identifiable; with an autoradiographic efficiency 
of about 5% (Rogers, 1967) and the two month exposure 
time used, this corresponds to 0.005 dpm of tritium 
incorporated. This is 0.5% of the lowest mean level of 
3 H incorporated per labelled cell (Fig. 3-1-B), 
assuming 25% counting efficiency. 
These considerations suggest that the observed 
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phenotypic instability reflects instability in one or more 
of the various levels of expression of the TK gene into a 
functional protein product. 
Another way to look at instability of TK expression 
is to look at the distribution of labelled and unlabelled 
cells in individual colonies. The patterns of sectoring 
will reflect to some degree the history of instability of 
the expression in these colonies. Thymidine kinase 
expression was relatively stable in some colonies; at 
each time, there were colonies composed entirely of 
labelled cells. Other colonies showed varied 
distributions of labelled and unlabelled cells (Figure 
3.5.A,B,C). For example Figure 3-5.A shows a colony of 
268 cells with four labelled cells: three on one side of 
the colony and one on the other. One interpretation of 
this is that a single cell took up the DNA and 
transmitted it unstably to its daughters. The level of 
instability must have been high, approaching 50% per cell 
division. In Figure 3.5.B is a colony which shows an 
intermediate level of instability in which about 20% of 
the cells are labelled. This may be due to a high level 
of instability followed by an increase in stability, or 
to a continual high level of instability of transmission 
of the gene but with the TK protein being segregated 
equally and allowing cells which have lost the gene to 
incorporate thymidine. The finding of single labelled 
cells in colonies makes the former mechanism the more 
likely. 
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FIGURE 3.5 Unstable expression of TK in unselected 
transformed cells 
Three colonies showing unstable expression of TK are 
shown. Six days after addition of the DNA, the medium 
was supplemented with tritiated thymidine. After 24 
hours, the cells were fixed and subsequently autogradio-
graphed, the exposure time was two months. TK expressing 


















































3.5.2. Stability of expression of selected TK genes 
3.5 .2.1.Short term selection 
Transformations were performed in three petri dishes 
as described in section 3.4. After seven days selection, 
by which time most cells had died and colonies were 
visible, the cells were harvested by try Fnisation and 
replated in duplicate in rescue medium on coverslips at 
dilutions of 1/10, 1/100 and 1/1000. Rescue medium 
contains formyltetrahydrofolate. It had previously been 
found that HAT selected cells, when the selection was 
removed, failed to grow well, and when given 3W2 for 
24 hours, gave a labelling index of about 50%. 
Supplementing the medium with hypoxanthine thymidine and 
glycine (HAT without the amethopterin) would have rescued 
cells, but would itself have been mildly selective. As 
an alternative, I chose to use formyltetrahydrofolate, a 
product of the pathway inhibited by amethopterin. This 
restored the growth rate and the labelling index to 24 
hours per generation and >90% respectively within one 
day. 
After seven days growth in rescue medium, tritiated 
thymidine was added to the medium for 24 hours after 
which time the cells were fixed and autoradiographed. 
The exposure time was seven days. Of 197 labelled 
colonies, 26 contained one or more sectors of unlabelled 
cells: 13% of TK+ cells 9 days after transformation 
- 87 - 
were expressing TK unstably at a level detectable by this 
assay. The level of instability detectable is dependent 
on the colony size; a colony of 100 cells derived from a 
single cell has undergone 99 cell divisions (as opposed 
to generations). The criterion chosen for a sector of 
unlabelled cells was that it must contain a minimium of 
four adjacent cells. Since this requires two generations 
after the segregation event, the minimum level of 
instability detectable is four divided by the number of 
cells in the colony minus one: for a colony of 100 cells 
this is 4/99 or approximately 4%. Half the labelled 
colonies contained less than 100 cells and the largest 
colonies contained approximately 250 cells; the mean size 
was 151 cells. It is thus possible that other labelled 
colonies were composed of TK unstable cells, but that 
segregation was not detected because the level of 
instability was too low. Unstable clones of transformed 
cells with DNA vary in their stabilities, from 10% loss 
per day (Scangos et al, 1981) down to 0.1 to 0.2% 
(Bacchetti and Graham, 1977). The colonies which were 
sectored contained cells with a range of levels of 
instability, a number of colonies contained a single 
labelled cell: this implies 50% loss at each cell 
division; some contain multiple segregations, and some 
have segrated a single sector of unlabelled cells (see 
Fig. 3.5 for examples). Values for the rates of loss of 
TK expression from individual colonies range from 0.4% (1 
sector of unlabelled cells in a colony with 250 labelled 
cells) to 50%. These are rough estimates, many are based 
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FIGURE 3.6 Unstable TK expression following short 
term selection 
unlabelled sector each. 
C 	Colony with two unlabelled sectors. 
D 	Colony which has undergone several segregations of 
TK cells. 
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on a single segregation in a colony. Cells with a level 
of instability of more than 50% would not be detectable 
by this assay since these would lead to colonies 
containing no labelled cells, indistinguishable from 
colonies derived from TK cells. 
3.5.2.2. Long term selection 
Petri dishes of cells were plated and treated as 
described in the previous section except that individual 
colonies were picked after seven days selection; seven 
of the eleven colonies picked grew. These clones were 
expanded in selective medium until there were 5 x 1O 5 
to i x ic? cells, at which time they were plated in 
duplicate in rescue medium at low density (100, 300 and 
1000 cells) in 3cm dishes with cover slips. After growth 
in the absence of selection for seven days they were 
incubated with 3 H for 24 hours, fixed and 
autoradiographed. Of the seven clones, four gave no 
colonies which segregated TK cells; three showed 
instability of expression. In each case fifty colonies 
were examined; the four clones which gave no segregation 
were greater than 99.9% stable per cell division, one 
clone lost the TK+ phenotype at about 0.5% per cell 
division, one at about 0.16% and one at 0.1%. 
MOMM 
3. 5. Unstable expression in microinjected cells 
One advantage of microinjection over calcium 
phosphate precipitation is that it permits more detailed 
examination of the progress of transformation. If the 
cells to be injected are plated at low density, after a 
very few days selection it is possible to identify 
colonies of HAT resistant cells because of the different 
morphologies of growing and dying cells and due to the 
clustering of growing cells. 
After injection of pBR328/TK2, thirteen colonies 
were obtained which contained at least eight cells. Of 
these colonies, only four (31%) survived long term 
selection. This is consistent with the observed 
instability of TK+ cells after calcium phosphate 
transformation and seven days selection (Section 
3.5 .2.1). Colonies obtained after injection 
pBR328/TK2/Sat2, which contains 5kb of satellite DNA 
(see Section 2.12) showed more dramatic instability: of 
forty-nine colonies only one (2%) survived long term 
selection. 
In one series of experiments, cells were injected 
with pBR328/TK2/Sat2 and selected in HAT medium. Thirty-
four colonies were obtained in which all cells had 
stopped dividing (judgement of this was aided by daily 
video recording of colonies). 	Rescue of these colonies 
was attempted by changing the selective medium for rescue 
CEELM 
medium (Section 2.1). Ten cell lines were recovered in 
this way. Soon after rescue, approximately 100 cells of 
each line were plated in HAT medium; no colonies were 
obtained. After expansion to 	cells DNA was 
prepared from each cell line and analysed by Southern 
blotting: three of the cell lines (S70, S7 2A and Si 2B) 
contained low, but detectable amounts of plasmid DNA 
(Fig. 3-7). 
At this stage approximately 101 cells of each 
rescued cell line were plated in HAT medium.. Some cells 
of the three cell lines identified as containing plasmid 
grew (less than 0.1%, but not accurately quantified). 
The cells which grew may have represented gentypical1y 
transformed cell lines in which subpopulations were 
capable of expressing TK; alternatively, the majority of 
cells in the populations may not have contained a TK 
gene. 
Three HAT resistant subclones were isolated from S70 
and S7 2B, and one such subclone from 57 2A. Figure 3.1 
shows a comparison of the parental (largely HAT 
sensitive) rescued clones and the HAT resistant 
subclones. The hybridisation intensities to DNA from the 
subclones were almost identical with the intensities 
obtained with DNAs from the parental cell lines, showing 
that the majority of cells in the parent lines were 
genotypically transformed but HAT sensitive. 
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FIGURE 3.7 	Southern blot analysis of DNA from cell 
lines S70, S72A and S72B and their subclones 
54g of DNA from each cell line was digested with PvuII, 
electrophoresed through 1% agarose, transferred to 
nitrocellulose, hybridised with 32P labelled pBR328/ 
TK2 and autoradiographed. 
The arrowhead points to a fragment in subclone 2 of S72B 
not observed in the parent cell line (P). The HSV-TK 
containing 2.0kb PvuII fragment is the lowest band in the 
Figure and is common to all the cell lines except 
subclone 2 of S72B. 
S70 	S72A 	S72B 
I 	 II 	ii 
P 1 2 3 P1 P123 
These data show that cells which are transiently 
resistant to HAT medium can fail to become stably 
resistant to HAT either by their failure to integrate the 
transferred gene or by integration of the gene in an 
inactive state. The ability of clones S70, Si 2A and Si 2B 
to segregate HAT resistant cells shows that the 
integrated genes can potentially be activated suggesting 
that the genes were not mutated. The inactivity of the 
genes may have been due to effects of adjacent sequences 
(position effects), or due to a modification such as 
methylation of cytosine, which has been implicated in 
phenotype switching (Section 1.9). Subclone 2 of clone 
Si 2B has a different arrangement of plasmid sequences 
than have either the parental cell line or the other 
subclones of Si 2B (Fig 3.7): the 2.0kb PvuII fragment is 
absent in subclone 2, and another fragment has appeared 
(arrowed). In this subclone, a DNA rearrangement has 
accompanied the reactivation of the TK gene, implying 
that sequences adjacent to the gene in the parental cell 
line were responsible for the gene's inactivity. The 
higher level of instability of expression in colonies 
derived from cells injected with pBR328/TK2/Sat2 over 
those derived by injection of pBR328/TK2 strongly 
suggests that the satellite DNA sequences were 
responsible for the extinction of TK expression. 
The transformation frequency, determined by the rate 
of colony formation in HAT medium was very similar for 
pBR328/TK2 and satellite DNA-containing plasmids. 
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Injection of pBR328/TK2 and pBR328/TK2/Sat2 gave 
frequencies of 2.8% (13/467) and 3.1% (49/1559) 
respectively. Figures for transformation frequencies 
with pBR328/TK2 and satellite DNA-containing plasmids 
pBR328/TK2/Sat2, pBR328/TK2/Sat4 and pBR328/TK2/Sat3 (see 
Section 2.12 for details of plasmids) introduced by 
calcium phosphate precipitation with or without carrier 
DNA are given in Table 3.1. These data show that the 
effect of satellite DNA on expression of the TK gene does 
not appear immediately, but is delayed, possibly until 
integration has occurred. 
A delay of effects of sequences on expression of 
transferred genes such as that observed here would be 
missed if analysed only by transient expression studies, 
a type of experiment commonly used to ascertain the 
characteristics of regulatory sequences. 
3.7 • Discussion 
DNA mediated gene transfer by calcium phosphate 
precipitation can be divided into three phases: DNA 
uptake by the cell, transient expression and 
stabilisation of expression. 
Loyter et al (1982a) showed that DNA uptake is 
very rapid and that the majority of cells (up to 90%) 
take up large amounts of DNA. Five hours after adding 
TABLE 3. 1. 	Transformation frequencies with pBR328/TK2 and 
with satellite DNA-containing pBR38/TK2 
derivatives 
Each transformation was performed on five dishes 
each plated with 2 x 10 5 cells, one day before 
addition of the precipitate. For the pure plasmid DNA 
transformations, 54g of plasmid was added in a volume of 
0.5m1. When carrier DNA was used, the plasmid DNA 
amounts were corrected to take account of the size of the 
insert. bOng of pBR328/TK2, 175.2ng of pBR328/TK2/Sat2, 
103.5ng of pBR328/TK2/Sat4 or 129ng of pBR328/TK2/Sat5 
were added with 54g of mouse L cell carrier DNA in 0.5m1. 
Transformation frequencies are expressed as colonies per 
dish 	after 14 days selection. 
TABLE 3.1 
pBR328/TK2 
pBR3 28 /TK2 /Sat2 
pBR328 /TK2/Sat4 
-plasmid DNA plasmid DNA with 
alone 	L-cell carrier 
	
228.8±33.3 	 9.4±1.8 
225.8±12.1 11.0±3.7 
114.1±10.0 	 7.6±1.1 
pBR328/TK2/Sat5 	 258.4±18.6 	 9.0±4.7 
the precipitate to the cells (the only time point taken), 
only 1 to 5% had calcium phosphate in the nucleus. The 
finding that 24% of (unselected) colonies 4.5 days after 
addition of the DNA contained cells which incorporated 
tritiated thymidine shows that condisderably more than 1 
to 5% of cells take up DNA into the nucleus. Since the 
DNA was added one day after plating the cells, each 
colony may have been derived from two cells. The minimum 
estimate for the number of cells which took DNA into the 
nucleus is therefore 12%. 
I found a lag of more than 16 hours after addition 
of the DNA before detectable levels of TK enzyme were 
found; cells incubated from 0 to 24 hours after addition 
of the precipitate with 3 H failed to incorporate 
radioactivity. Part of this lag is necessarily due to 
the time taken for the DNA to be taken up by cells, for 
it to be transferred to the nucleus and for it to be 
released from the calcium phosphate precipitate in an 
expressable form. Not all of this 16 hour (minimum) lag 
phase can be attributed to this however, there has been 
a number of reports of substantial levels of expression 
after only 12 hours. 
Pellicer et al (1980) very briefly mention 
experiments assaying the transient expression of 2 - 
microglobulin in cells transformed with total human DNA. 
The recipient cells were Daudi, a human lymphoblastoid 
cell line which normally expresses no 
microglobulin. After 12 hours 	2 -microglobu1in was 
found, the level increased to a maximum of 0.5% that of 
wild-type cells at 48 hours; at 72 hours the level was 
substantially reduced. 
A transient expression system based on a bacterial 
chioramphenicol acetyltransferse (CAT) gene (Gorman et 
al, 1982a) is commonly used to assess the effects of 
putative regulatory DNA sequences on levels of expression 
(Laimius et al, 1982; Gorman et al, 1982b). Gorman 
et al (1983) assayed CAT activity at various times 
after transformation of CV-1 cells: from 12 hours to 60 
hours. After 12 hours, the level of CAT enzyme was about 
the same as found in CV-1 cell lines stably transformed 
with a plasmid having the same CAT gene and regulatory 
sequences, together with a selectable marker. The CAT 
levels increased to a maximum of about ten times those of 
stably transformed cells after 48 hours and then declined 
by 60 hours. Three other cell lines including mouse L-
cells gave comparable levels of CAT activity 12 hours 
after transformation. 
Spandidos and Wilkie (1984) reported in outline the 
kinetics of expression of a HSV-1 TK gene in TK 
mouse L-cells and in TK baby hamster kidney (BHK) 
cells. The TK gene was under the control of the promoter 
in the long terminal repeat of Moloney murine sarcoma 
virus, which also carries a transcriptional enhancer 
element. In L-cells, TK activity was detected after 12 
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hours and increased until 48 hours after which time it 
fell; at 96 hours (the final time point) the level was 
about the same as found after 12 hours: one sixth of the 
maximum. The results with BHK cells were similar, 
although the highest level of TK found was after 24 hours 
and was nearly twice the maximum obtained with L-cells. 
The results presented here concerning the timing of 
expression of exop(genous genes differ from the published 
results described above. This may be a function of the 
sequences which control expression of the genes used. 
Pellicer et al (1980) assayed expression of a human 
gene in human recipient cells of a type which would 
normally express the gene studied; all the other 
published results described used genes with 
transcriptional enhancer elements. The TK construct used 
by Spandidos and Wilkie (1984) for example is thirty-
five times as active at inducing HAT resistance as the 
wild type HSV-1 TK gene. Spandidos and Wilkie present 
evidence that levels of colony formation in HAT medium 
are directly proportional to levels of transient 
expression. The rate of expression from this construct 
is higher, but that should not influence the timing of 
gene expression. 
In HSV infected cells, the TK gene is not expressed 
immediately, but requires one or more viral products for 
its activation. Upon infection of cells, HSV directs the 
synthesis of immediate early or a gene products 
(Honess and Roizman, 1974), which are normally required 
for the expression of early or 	genes (Honess and 
Roizman, 1974; Honess and Roizman, 1975); the TK gene is 
a 	gene (Garfinkle and McAuslan, 1974). The 3.4kb 
BamHI fragment of HSV-1 commonly used as a source of TK 
DNA (Wigler et al, 1977; Wilkie et al, 1979) 
originates from around 0.30 on the HSV-1 genome (Wilkie 
et al, 1979). At least one a gene product (defined 
by the tsK mutation) required for the induction of TK in 
infected cells maps well away from position 0.30 in the 
repeats which flank the U region of the genome 
(Preston, 1979). McKnight et al (1981) showed that the 
major mRNA expressed from the TK gene in mouse L cells 
transformed with a part of the 3.4kb BaxnHI fragment has 
the same 5' terminus as the inRNA synthesised during a 
productive infection. Thus TK mRNA may be expressed from 
the normal promoter in the absence of a gene products; 
the delay in expression of the HSV TK gene may be 
lengthened due to the absence of the positive regulatory 
factors normally required. 
Linsley and Siminovitch (1982) used the HSV-1 TK 
containing BamHI fragment cloned in a plasmid and looked 
at the percentages of cells which could incorporate 
3 H between 24 and 120 hours after transformation. 
The procedures were essentially the same as those used 
here except that carrier DNA was used and a much smaller 
amount of plasmid DNA. 0.18% of cells were labelled 
after incubation with 3  HT from 24 to 48 hours, the 
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proportion increased steadily to 0.42% in the interval 96 
to 120 hours. As expected the labelling was higher in 
the experiment reported here; a large amount of pure 
plasmid DNA was used. The time intervals taken by Linsley 
and Siminovitch were all after the start of expression 
and before the fall in expression which was found here. 
The two sets of results are consistent. 
The slower 	growth of TK+  cells than TK 
cells evident from the sizes of labelled and unlabelled 
colonies (Section 3.3), and the changing rates of 
incorporation of 3 H (Figure 3.4) suggest a 
disruption of the physiological state of cells on 
expression of the TK gene. The peak level of TK enzyme 
was after three days and was greater than five times the 
level found in the reference HSV TK+  cell line 
(Figure 3.2). At this time, less than 2% of cells 
expressed TK (as measured by 3 H incorporation, 
Figure 3.3B). If this accurately reflects the proportion 
of cells which contained TK protein, then the mean level 
of enzyme in those cells would be 250 times that of the 
transformed cell line. From these data, the estimate of 
Cheng and Ostrander (1976) for the speific activity of 
the HSV TK protein and the amount of protein in mouse L 
cells determined by Tsuboi et al (1976), thymidine 
kinase makes up 0.5 to 0.8% of the total protein of 
expressing cells. This level of a single protein in 
cells made in abnormal circumstances is not 
unprecedented: cells selected for resistance to 
methotrexate often amplify the gene for dihydrofolate 
reductase (DHFR), to increase the amount of protein 
made. The amount of DHFR may be as much as 20% of the 
total cellular protein in highly resistant cells (C. 
Tyler-Smith, pers. comm.). 
High levels of thyinidine kinase activity may alter 
the physiological status of cells. A phosphorylated 
derivative of thymidine inhibits the synthesis of 
deoxycytidine in mouse cells (Morris and Fischer, 1963). 
This inhibition depletes the pool of dCTP, a DNA 
precursor, causing DNA synthesis to slow dramatically and 
has been exploited as a method of cell sychronisation by 
including a high concentration (2mM) of thymidine in the 
culture medium (see Ashihara and Baserga, 1979). Cells 
with abnormally high levels of TK activity may impose a 
"thymidine block" on themselves in the presence of low 
concentrations of thymidine. 
The expression of foreign genes was highly unstable 
at early times although by nine days after addition of 
the DNA, including seven days on selection, stability 
had markedly increased. At that time only 13% of TK+ 
cells were detectably unstable; at least half of the 
remaining 87% were more than 96% stable per cell 
division. Colonies picked and expanded to 5 x 10 5 to 
1 x 10  cells had a minimum level of 99.5% stability 
per cell division, in four of the seven clones no 
segregation was detected. 
Growth in selective medium selects for stable 
derivatives of unstable cell lines. This selection is 
often weak since many people have characterised 
transformed cell lines which maintained their instability 
after long periods of growth on selection (for example 
Bacchetti and Graham, 1979; Scangos et al, 1981). The 
selection for stable derivatives of unstable cell lines 
increases in strength as the level of instability 
increases. Huttner et al (1981) found that all 
transformed cell lines obtained using pure plasmid DNA 
contained stably expressing cells in contrast with a 
transformation performed using mouse carrier DNA in which 
11 out of 15 cell lines were unstable. The data presented 
in this chapter confirm the high level of stability of 
transformants made with pure plasmid DNA and which 
survived long term selection. 
The observations made on injected cells showed that 
instability of HAT resistance (and thus of TK expression) 
can be, but is not necessarily due to the failure of the 
transferred TK genes to become stably incorporated into 
the cells' genomes. It would be expected that, in some 
cases, the recombination event causing integration would 
disrupt the gene. Clearly, in the three cell lines which 
showed unstable expression of TK but which contained 
integrated DNA, disruption of the gene was not the 
mechanism involved. 
The difference between the rates of loss of HAT 
resistance between colonies derived from cells injected 
with pBR328/TK2 or pBR328/TK2/Sat2 shows that there are 
sequence effects on instability of expression. The 
nature of these effects is, however, unclear. It may be 
that satellite DNA exerts a negative regulatory effect 
on adjacent genes, reducing or extinguishing 
expression. This effect would have to be inoperative 
early after gene transfer to be consistent with the 
data. Alternatively, the effect of the satellite DNA 
insert may have been due to a reduction of the frequency 
at which integration occurs. This mechanism is 
consistent with the observed delayed effect of satellite 
DNA on TK expression and would imply that integration of 
genes in a non-expressing form is a general phenomenon. 
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CHAPTER 
STRUCTURE OF TRANSFERRED DNA IN 
TRANSFORMED CELL LINES 
4.1. Introduction 
This chapter is concerned with the state of 
introduced DNA in transformed cell lines maintained for 
many generations in selective medium. A comparison is 
made between cell lines transformed by either the calcium 
phosphate precipitation method or microinjection. The 
use of pure plasmid DNA rather than a mixture of plasmid 
and carrier DNA allowed detection of essentially all of 
the DNA incorporated by transformed cells allowing 
estimation of the amounts of introduced DNA which has 
been retained and analysis of the structure of those 
sequences. 
4.2. Each transformed cell line contains integrated 
DNA 
A total of 44 cell lines were studied which had 
been derived using either calcium phosphate precipitation 
(34) or microinjection (10). The transforming DNA8 were 
plasmids pBR328/TK2, pBR328/TK2/Sat2, pBR328/TK2/Mif-1 or 
pAT153/TK. The pAT153/TK transformed cell lines were a 
gift from C. Tyler-Smith. Each of these cell lines 
contains DNA homologous to pBR328/TK2 or pAT153/TK 
(Figure 4.1. and others). 
A number of reports claim extrachromosomal 
maint'e,nance of transforming DNA (Section 1.11). A 
simple way to test this is by electrophoresis and blot 
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hybridisation of undigested DNA. DNA maintained 
extrachromosomally migrates at a position characteristic 
of its size and conformation (open circular, supercoiled 
etc.), and will appear as a band. Chromosomal DNA will be 
broken at random points; DNA integrated into chromosomes 
will run as a smear. Figure 4.1 shows such an analysis 
of the DNA of cell lines used in this work. Prior to 
electophoresis, each DNA sample was sheared, which 
reduces the size of chromosomal DNA without appreciably 
affecting circular molecules; this minimises the 
distortion caused by electrophoresis of very high 
molecular weight DNA. DNA from each cell line gives a 
smear of hybridisation down the gel track, indicating 
that plasmid DNA has become incorporated into high 
molecular weight structures, presumably by integration 
into chromosomes. Bands are visible in some tracks: panel 
A tracks (h) and (i) each contain a faint band, migrating 
at the same position in both. These clones were derived 
independently of each other and carry small amounts of 
exogenously provided DNA sequences; the bands seen in 
this experiment constitute a small percentage of the 
hybridisation in the tracks. These considerations 
suggest that the bands are due to a low level of 
contaminating plasmid DNA in the samples. Panel C tracks 
(f) and (g) and panel D track (a) contain bands. When 
loading the gel a small amount of the marker (panel C 
track (P)) spilt over into adjacent wells giving these 
bands which were not seen when these samples were 
reanalysed. The absence of any bands representing extra- 
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FIGURE 4.1. Analysis of DNA from TK transformed 
cell lines; is the transforming DNA extrachromosomal? 
54g of DNA from each transformed cell line was 
sheared and electrophoresed on a 0.7% agarose gel 
followed by transfer to nitrocellulose, hybridisation 
with 32 P labelled pBR328/TK2 and A cI857 DNA and 
autoradiography. Marker tracks (M) were Hindlil digested 
A c1857 DNA; control tracks (P) were a mixture of 54g 
of L cell DNA and the appropriate plasmid DNA at a 
concentration equivalent to three copies per cell. 
Panel A: pBR328/TK2 transformed cell DNA. 
Track a, clone Ti; b, T2; C, T4; d, T5; 
TB; f 	T9; g, Til; h, T24; 1, T29; 
j, T36 and k, T44. 
Panel B: pBR328/TK2/Sat2 transformed cell DNA. 
Tracks a to g, clones Si to S7; track 1-i, S59; 
i, S70; j, S72A 	k, S72B. 
Panel C: pBR328/TK2/Mif-1 transformed cell DNA. 
Track a, clone Ml; b, M3; C, M4; d, M6; e, M7; 
M78; g, M100. 
Panel D: pAT153/TIc transformed cell DNA. 
Track a, uncloned population; tracks b to g, clones 1 
to 6. 
Panel E: pBR328/TK2/Mif-1 and carrier DNA transformed 
cell DNA. 
Track a, clone MC2A; b, MC2B; C, MC3A; d, MC3B; 
e, MC4A; f, MC4B; g, MC5A; h, MC5B. 
Tracks marked with a diamond symbol contain DNA from cells 
transformed by microinjection. 
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chromosomally maintained forms shows that plasmid DNA, 
with or without inserts of highly repeated components of 
the mouse genome (satellite DNA; Mif-l) is incorporated 
into high molecular weight DNA after introduction into 
mouse L cells. This is independent of whether the 
plasmids were introduced into the cells by microinjection 
(tracks marked with a diamond) or calcium phosphate 
precipitation, and whether pure plasmid or plasmid plus 
carrier DNA were used (panels A to D and E, 
respectively). 
4.3. Variability in incorporated DNA 
Cleavage of DNA from transformants with an enzyme 
which has a single recognition site in the transforming 
plasmid, was used as a preliminary analysis of the 
structure of the DNA incorporated into cells. Figures 
4.2 and 4.3 show such analyses of the DNA of cell lines 
carrying plasmids which do not (Figure 4.2) or do (Figure 
4.3) contain mouse repeated sequence inserts. Figure 
4.2A shows DNA from cells transformed with pAT153/TK DNA 
digested with SstI or Hindlil. Tracks (u) contain DNA 
derived from a mixed (uncloned) population of transformed 
cells derived from 50-100 colonies. There is a single 
prominent band of the same size as linearised plasmid 
(see copy control tracks; 7.2kb); in addition there are a 
number of very faint bands and a smear of hybridisation 
down the track. The intensities of the linear plasmid 
- 104 - 
FIGURE 4.2 Analysis of DNA from cells transformed 
with pAT153/TK or pBR328/TK2: digestion with enzymes 
with a single recognition site in the plasmids. 
5g (panel A) or l0.ig (panel B) of DNA from transformed 
cells was digested as indicated, electrophoresed on 1% 
agarose gels, blotted onto nitrocellulose, hybridised 
with 32P labelled pAT153/TK and A c1857 DNA 
(panel A) or PBR328/TK2DNA (panel B) and autoradiographed. 
Panel A shows DNA from pAT153/TK transformed cells; an 
uncloned population derived from 50-100 TK colonies 
(tracks u), or cloned TK+ cell lines (tracks 1 to 6). 
The 'copies' tracks contain a mixture of L cell DNA with 
pAT153/TK DNA at a level equivalent to 1, 3 or 10 copies 
per cell. The markers (M) were a mixture of A c1857 
DNA digested with Hindill and A c1857 DNA digested with 
Aval. 
Panel B shows DNA from cloned pBR328/TK2 transformed 
cell lines. The tracks marked with a diamond symbol 
contain DNA from cells transformed by microinjection. 
The Arrows mark the position to which linear plasmid 
migrated in these gels. 
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size bands indicate an average of 3 to 5 copies per cell 
of this unrearranged form. The faint bands and smear of 
hybridisation represent multiple "rearranged" forms of 
the plasmid. 
It is worth stressing that this was an analysis of 
an uncloned population. The presence of a smear of 
hybridisation in tracks (u) shows that rearrangement of 
the plasmid DNA is often random. Bands in these tracks 
may appear for any of three reasons. A form of the 
plasmid DNA which was independently incorporated by a 
large proportion of transformed cells will produce a 
band: for example the unrearranged form of the plasmid 
(see below). An individual transformant which carries a 
rearrangement form in many copies will contribute a band. 
It is also possible that some transformants had a growth 
advantage; DNA from such transformants would form an 
unrepresentatively high proportion of the total and may 
have contributed to the bands seen. 
In contrast to a mixed population, DNA from cloned 
transformants (tracks 1 to 6) DNA derived from cloned 
transformants (1 to 6) illustrate the variety of amounts 
of DNA and levels of rearrangment. Each cell line except 
for clone 1 contains the unrearranged form of the plasmid 
and at least two other bands. Clone 1 shows two very 
faint bands in SstI digested DNA, and a single faint 
band in Hindill digested DNA (the Hindill band may be 
seen more clearly in Figure 4.5D track 1H). The 
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hybridising bands in Clone 1 are less intense than the 
marker band in the track containing an amount of plasmid 
equivalent to one copy per cell; which suggests that only 
part of a single plasmid molecule has been incorporated 
in this cell line. The detection of only a single 
Hindill band may be due to the Hindill site in the 
plasmid being lost (most likely by a deletion including 
the site), with the cleavage sites giving the band (about 
15kb) both being located in the (cellular) DNA flanking 
the insertion site. Alternatively there may be a second 
band which was not detected because of its very small or 
very large size, or a very short region of homology with 
the probe (if the junction between the plasmid and 
cellular DNA was close to the plasmid's Hindlil site). 
Since the SstI site is within the coding sequence of the 
TK gene, and the cells were HAT resistant, this site must 
be present in the incorporated plasmid DNA. Two bands 
are predicted for SstI digestion of DNA of a cell line 
with a single integrated plasmid molecule carrying a 
functional TK gene: each band represents the DNA 
extending from the SstI site within the gene to the 
proximal SstI sites in the cellular sequences flanking 
the insertion. 
Clone 4 illustrates the complexity of some other 
cell lines: in both Hindlil and SstI digests, at least 14 
different sizes of fragment were produced. Such complex 
patterns of fragments must have been generated by 
multiple events. Each fragment which is not the same 
Conn, LAW 
size as the linear form of the plasmid must contain at 
least one site at which a rearrangement has occurred. 
This is dealt with more fully in the following two 
sections. A crude estimate of the amount of plasmid DNA 
incorporated in Clone 4 cells was made by comparision of 
the intensities of the bands with the intensities in the 
copy number control tracks; there are a total of about 40 
copies of the plasmid, which represents about 300kb of 
DNA. 
Figures 4.28, 4.3A and 4.3B show similar analyses 
of the DNA of cell lines generated by transformation with 
plasmids pBR328/TK2, pBR328/TK2/Sat2 and pBR328/TK2/Mif-1 
respectively. Cell lines obtained by transformation with 
pBR328/TK2, pBR328/TK2/Sat2 and pBR328/TK2/Mif-1 will be 
referred to by the clone number prefixed by T, S or M 
respectively. The tracks distinguished by a diamond 
symbol contain DNA from cell lines transformed by 
microinjection. All other cell lines were made by 
calcium phosphate precipitation. One difference between 
cell lines generated by transformation with these 
plasmids and those produced by transformation with the 
pAT153/TK is immediately evident: the unrearranged 
plasmid sized band appears much more frequently in the 
digests of DNA from pAT153/TK transformants. In the 
pBR328/TK2 derived cell lines, clones T5, T8, T9 and T24 
have bands of this size; in the pBR328/TK2/Sat2 
transformants only clones Si and S6 have such bands and 
pBR328/TK2/Mif-1 clones Ml, M3 and M7 only. This is 9 
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FIGURE 4.3 Analysis of DNA from cells transformed 
with plasmid pBR382/TK2/Sat2 or pBR328/TK/Mif_1: 
digestion with enzymes which cut the plasmids once. 
5ig (panel A) or lOiig (Panel B) of DNA from transformed 
cells was digested with Hindill (panel A) or SstI (panel 
B), electrophoresed through 1% agarose, transferred to 
nitrocellulose, hybridised with 32P labelled 
pBR328/T1ç2 and A c1857 DNA and autoradiographed. 
Panel A shows the hybridisation obtained with DNA from 
cells transformed with pBR328/TK2/Sat2. Clones Si to S7 
(tracks 1-7) were obtained by calcium phosphate 
precipitation; clones S59, S70, S72A and S72B by 
microinjection. Track M contains A c1857 DNA digested 
with Hindill. 
Panel B show the hybridisation to DNA from cells 
transformed with pBR328/TK2/Mif-1. Clones Ml, M3, M4, M6 
and M7 (tracks 1, 3, 4, 6 and 7) were transformed using 
the calcium phosphate method; clones M78 and M100 (tracks 
78 and 100), by microinjection. 
Copy control (c.c.) tracks contain L cell DNA mixed 
with the appropriate plasmid to a level of 0, 1, 3 or 
10 copies per cell. 
N.B. The dots indicate bands produced due to 
contaminating plasmid DNA in the restriction enzyme 
stock. The square marks the position of a genuine band in 
track 4 of panel A. 
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out of a total of 28 as opposed to 5 out of 6. It is 
striking that the sequence of the transforming plasmid 
can have such an effect on the structure of the 
incorporated DNA. It is not possible from the data to 
show the basis of this effect, although it is worthy of 
note that during the construction of the plasmid vector 
pBR328 an inverted repeat of 482bp was inadvertantly 
introduced (Soberon et al, 1981). The presence of 
such a feature may predispose plasmids based on pBR328 
to rearrangement during transformation. In other 
respects there are no clear differences: the range of 
numbers of bands and of band intensities is similar in 
each set of transformants. 
Comparison of clones derived from microinjected 
cells with those transformed by calcium phosphate 
precipitation reveals a clear difference. All of the 
iniôroinjection clones have small amounts of DNA 
incorporated, with correspondingly few fragments after 
restriction enzyme digestion. In contrast calcium 
phosphate derived clones frequently contain large amounts 
of plasmid DNA. One major difference between these two 
methods of transformation is the amount of DNA which is 
introduced. The microinjected cells received around 
10 4pg of DNA each (13 copies of the plasmids), 
whereas cells transformed by calcium phosphate 
precipitation take up an average of about lpg of DNA 
(Section 1.4). This could account for the 
correspondingly small and large amounts of DNA 
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incorporated. 
4.4. Types of rearrangements 
What are the complexities in band patterns due to? 
Are the multiple bands due to rearrangements between 
plasmid DNA molecules or between plasmid DNA and the 
host cell's DNA? At least some of the bands are expected 
to be due to the latter since the plasmid has become 
incorporated into high molecular weight DNA. Integration 
of exogenous plasmid DNA at a single site will yield one 
or two restriction fragments containing the junctions 
between the plasmid and host cell DNA; one fragment if 
there is no recognition site for the restriction enzyme 
used in the integrated plasmid DNA; two if the enzyme 
cleaves within the integrated plasmid DNA. 
Figure 4.4 shows the hybridisation of pBR328/TK2 to 
Southern blots of DNA from clones transformed with 
pBR328/TK2 (panel A) or pBR328/TK2/Sat2 (panel B) after 
digestion with XbaI (which does not cut either parent 
plasmid). In this analysis, the number of bands gives 
the number of different blocks of plasmid DNA that have 
been integrated in each cell line. Only two of the cell 
lines analysed clearly have a single band (S4 and S5; 
panel B tracks 4 and 5). The XbaI digests of the DNA of 
seven other lines probably contain the plasmid in a 
single fragment, but did not give a discrete band. In 
these cell lines hybridisation was to very high molecular 
FIGURE 4.4 Analysis of DNA from transformed cells by 
digestion with XbaI, an enzyme which does not cut the 
transforming plasmid 
bug of DNA from cells transformed with pBR328/TK2 (panel 
A) or pBR328/TK2/Sat2 (panel B) were digested with XbaI 
and electrophoresed through 0.6% agarose gels. The DNA 
was transferred to nitrocellulose, hybridised with 
32 P labelled pBR328/TK2 and A c1857 DNA and 
autoradiographed. 
Tracks with DNA from cell lines derived by microinjection 
are marked with a diamond symbol. 
Markers were: M, Xc1857 DNA digested with Hindill; 
A c1857 DNA digested with XhoI mixed with 
undigested A c1857 DNA; M/M', a mixture of markers 
M and M 1 . 
Control tracks (P) contained 104g of L cell DNA mixed 
with the appropriate plasmid at a level equivalent to 3 
copies per cell, and digested with XbaI. 
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slow 
weight DNA, and a smear running down from the high 
molecular weight region of the gel. Cell lines in this 
category are T4, T5, Si, S59, S70, 572A and S72B. This 
illustrates a disadvantage of this type of analysis: a 
large insertion of plasmid DNA results in a very large 
fragment on digestion with an enzyme which does not 
cleave the transforming DNA; such fragments are difficult 
to analyse by conventional techniques. 
Several cell lines give two or three Xba fragments; 
T9 gives five clearly distinguishable bands, T8 and S3 
give a minimum of six bands each. Not all of the 
rearranged fragments identified earlier are junction 
fragments. For example clone S6 has two integrations of 
plasmid DNA, shown by the results of XbaI digestion. On 
digestion with Hindill (Fig. 4.3) at least 13 different 
bands are given (not all distinguishable in the figure); 
two integrations would give a maximum of four junction 
fragments after Hindill digestion. Which of the 
fragments contain junctions between plasmid and cell DNA 
and which of the rearranged fragments consist entirely of 
plasmid DNA cannot be determined from this type of 
analysis. 
The analysis described in the previous section 
revealed that the incorporated plasmid DNA has often been 
subject to considerable rearrangement. The use of a 
restriction enzyme which recognises a sequence absent 
from transforming plasmids has revealed that integration 
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of DNA into multiple sites is common. The joining of 
plasmid and cellular DNAs accounts for some of the 
rearrangement observed, but not all. There must also 
have been joining of plasmid sequences not adjacent in 
the DNA introduced into the cells. This may be a 
manifestation of the mechanisms which allow co-
transformation of non-selectable DNA when introduced 
into cells together with a selectable gene (Sections 1.6 
and 1.7). 
End to end ligation of linear DNA molecules is 
efficient after transfer into cells (Section 1.12). 
Random double strand breakage of circular transforming 
plasmids, possibly occuring during uptake of the DNA (see 
Section 1.4) followed by end to end ligation of the 
linear molecules generated and subsequent integration 
could account for the presence of rearrangements within 
blocks of integrated DNA. This, however, is unlikely to 
be the only mechanism since Anderson et al (1984) have 
shown that partial sequence homology may be involved in 
the joining of transforming and co-transforming DNAs in 
mouse L cells. 
4.5. Identification of rearrangement types 
A simple method was devised which allows the 
identification of the two types of rearranged fragment, 
those involving plasmid DNA alone, and fragments 
- 111 - 
containing junctions between plasmid and cellular DNA. 
For this method to be applicable, cloned DNA is used for 
the transformation, without carrier DNA. The transforming 
DNA should have single recognition sites for at least 
two restriction enzymes very close together (within a few 
base pairs of each other). There are two assumptions 
behind the method: closely adjacent restriction sites in 
the DNA used for transformation will be likely to stay 
together irrespective of the amount or type of 
rearrangement, and that recognition sites for the two or 
more chosen resl*ction enzymes will not be adjacent in 
the cellular DNA at a point close to the site of 
integration. 
Figure 4.5A gives a schematic representation of 
plasmid DNA integrated in a rearranged form into cellular 
DNA at a single site, and the distribution of recognition 
sites for two restriction enzymes (C and H) in and around 
the integrated DNA. Figure 4.5B shows fragments (which 
contain plasrnid sequences) after cleavage with C or by 
H. The fragments generated with the two enzymes are of 
identical size except for those which contain the 
junctions between plasmid and cell DNA (Y and X with C; W 
and Z with H). Figure 4.5C shows the pattern of 
hybridisation which would be obtained from this 
experiment. There is one type of integration which could 
give misleading results. An integration of exogenous DNA 
which is interrupted by a stretch of cellular DNA could 
be thought to be composed entirely of the exogenous DNA. 
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FIGURE 4.5. Anew method for the analysis of 
integrated DNA 
See text (Section 4.5) for details of A to C. 
Panel D shows the pattern obtained with DNA from 
pAT153/TK transformant clones 1 to 6 after digestion with 
Mmdlii or Clal, electrophoresis through 1% agarose, 
transfer to nitrocellulose, hybridisation with 32 P 
labelled pAT153/TK DNA and autoradiography. The arrows 
indicate the position of linear pAT153/TK DNA. 
A 	
I 	I! 	I I 
B cut with C 
I 	 V 	II, 	0 	101 	 A 	 I 	 S 	 S 
cut with H 






1 23 45 6 
CEI CH CH 
C - CIa I 
H - Hind III 
This would be the case if the stretch of cellular DNA 
incorporated did not have a site for either (any) of the 
enzymes used in the analysis. This failing is not unique 
to this method: the use of enzymes which do not cut the 
DNA used for transformation is also subject to this 
problem, and to a greater extent since a single enzyme is 
required for this type of analysis. That such a 
phenomenon can occur is indicated by the results of 
Wagner et al (1983) who found an integration 
interrupted by cellular DNA sequences in a transgeriic 
mouse. 
An example of an actual experiment of this type is 
shown in Figure 4.5D. DNA from each pAT153/TK 
transformant clone is shown after digestion with Hindill 
or Clal, run in adjacent gel tracks. Hindlil and Clal 
recognition sites are immediately adjacent to each other 
in the plasmid, not overlapping but with no DNA 
separating them. Clone 1, gives a single, but different, 
band on digestion with each enzyme; each other clone 
gives some bands which are the same and others which 
differ between the Hindill and Clal tracks. Most of the 
bands containing rearranged DNA are common to both 
Hindill and Clal digests showing that these were 
generated by rearrangements involving plasmid DNA only, 
the bands which differ between the Hindlil and Clal 
digests are fragments containing junctions of plasmid DNA 
with non-plasmid DNA.. 
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Mmdiii and Clal are not an ideal pair of enzymes to 
work with since Clal cuts mammalian DNA infrequently. 
Clal digested DNA does not run well on agarose gels when 
the amounts of DNA required are loaded. Attem were 
made to alleviate this problem by mechanically shearing 
the DNA after Clal digestion. This did not appreciably 
affect the DNA fragments of interest since they were 
enriched for Clal sites relative to the rest of the 
genome; large fragments of DNA are very much more 
sensitive to shearing than small fragments. Despite this 
measure, I only obtained consistent results in the one 
experiment shown. 
The comparison of Hindlil and Clal digested DNAs 
from pAT153/TK transformed cell lines provide clear 
confirmation of the conclusions arrrived at in the 
previous Section, that integration of plasmid DNA into 
the genome of the cell is not the only source of 
rearrangement of plasmid sequences. Although plasmids 
based on pBR328 are more susceptible to rearrangements 
than pAT153/TK, joining of previously non-contiguous 
S 
plasmid sequences is not unique to pBR328 plasmids. 
Not all of the junction fragments were detected. 
Any clone which gives more than one band on Hind III or 
Clal digestion should contain a minimum of two junction 
fragments. Clone 3 for example gives only one detectably 
different fragment with each enzyme. Of the six cell 
lines analysed here, only one, Clone 6, gives more than 
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two junction fragments: four are detectable in the 
Hindlil digested DNA. 
The use of cloned DNA in vectors which contain a 
polylinker (a segment of DNA with recognition sites for 
several different restriction enzymes) would make this 
method more generally applicable; the possibility of 
using more than two enzymes in the experiment would make 
the analysis more rigorous. 
4.6. How much structure is retained by transforming 
DNA? 
In transformants derived using pAT153/TK, there are, 
in most cases, head to tail copies of urirearranged 
plasmid. Digestion with enzymes which have a single 
recognition site in the plasmid yield a band of the same 
size as linearised plasmid (Figs. 4.2 and 4.5), although 
the cells do not contain plasmid circles (Fig. 4.1). The 
majority of these cell lines thus contain head to tail 
repeats of a plasmid sequence with no structural changes, 
as well as a number of rearranged forms. 
In transformants der:Ved using pBR328 based 
plasmids, there was less retention of the original 
plasmid structure. In order to learn more about the 
structure of the integrated DNA, enzymes were used to 
divide up the plasmid genomes into segments both by using 
an enzyme which cuts the plasmid in multiple positions, 
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and by using combinations of enzymes. This type of 
analysis was performed on DNA from pBR328/TK2 and pBR328/ 
TK2/Sat2 transformed cell lines. Figure 4.6 shows maps 
of pBR328/TK2 and pBR328/TK2/Sat2 plasmids showing the 
fragments produced by digestion of unrearrariged plasmid 
with the enzymes used; for simiplicity, the plasmids are 
shown in a linear form of head to tail partial repeats. 
The autoradiographs of the various digests of pBR328/TK2 
transformants, and pBR328/TK2/Sat2 transforinants are 
shown in Figures 4.7 and 4.10 respectively; the presence 
or absence of predicted unrearranged form of each 
fragment in each lane is summarised in Table 4.1 for 
pBR328/TK2 transformants and in Table 4.2 for 
pBR328/TK2/Sat2 transforinants. 
From these data it is possible to construct maps of 
the integrated DNA by using overlaps. The data do not 
always allow unambiguous construction of maps, but do 
give the maximum extent of retention of structure by the 
plasmid DNA. Maps constructed for pBR328/TK2 transformed 
clones are shown in Figure 4.8. Clone Ti has the 2.0kb 
PvuII fragment intact, this fragment carries the TK gene. 
Extending from the 5' end of the 2.0kb PvuII fragment, 
the 1.0kb HincII fragment which includes 0.2kb of the 
PvuII fragment is present, as is the 2.2kb PvuIh/AvaI 
fragment which contains the remaining 0.8kb of the 1.0kb 
Hincli fragment. The 2.2kb HincIl fragment which extends 
a further 0.8kb is absent; the more 5' HincIl site 
defining this fragment therefore marks the maximum extent 
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FIGURE 4.6 Digests used to characterise incorporated 
plasmid DNA in transformarits, and expected fragments 
pBR328/TK2 
pBR328/TK2/Sat2 
The top line of each part of the Figure is a map of a 
linear permutation of the plasmid (partially duplicated). 
Only relevant restriction sites are marked on these maps. 
The other lines show the position and sizes in kilobase 
pairs of predicted fragments produced in the digests done. 
Enzymes used were: Aval (A), BamEl (B), Hincli (Hil), 
Hindill (Hill), PvuII (P) and SstI (S). 
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FIGURE 4.7 Restriction analysis of DNA from cells 
transformed with pBR328/TK2 
5jig of DNA from the cell lines indicated was digested 
with restriction enzymes as shown, followed by 
electrophoresis through 1% agarose gels, blotting onto 
nitrocellulose, hybridisation with 32P labelled 
pBR328/TK2 and A c1857 DNA and autoradiography. 
Control tracks (c) contained 5i'g of L cell DNA and 
pBR328/TK2 DNA at a level equivalent to 3 copies per 
cell. The molecular weight markers (M) were a mixture 
of Aval digested 	c1857 DNA, and Hindlil digested 
A c1857 DNA. 
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TABLE 4.1 Compilation of mapping data for cells trans-
formed with pBR328/TK2 
The presence or absence of bands (Fig. 4.7) 
predicted if no rearrangement of plasmid sequences has 
occurred is given. Fragment sizes are in kb. 
RthdIII PvuII PvuII + Avail H.incll 
6.9kb 4.9kb 	2.0kb 2.7kb 2.2kb 2.2kb 1 . 0kb 3 .8kb 
1 - + -+ -++ 
2 - - + - + + + - 
- + + + + + + + 
5. + + + + + ND ND ND 
8 i 	+ + + + -+ I'1D ND ND 
9 + + + + + ND ND ND 
11 - .* + - - - - + 
24 + + + + + + + + 
29 - - + + - - + + 
36 - - + + - - - + 
44 - ND ND ND ND + + - 
* 
There appears to be a 4.9kb PvuII fragrrent in clone 11; 
there are actually two bands, one slightly smaller and 
one slightly larger than 4.9kb. 
TABLE 4.1 Compilation of mapping data for cells trans 
formed with pBR328/TK2 
The presence or absence of bands (Fig. 4.7) 
predicted if no rearrangement of plasmid sequences has 
occurred is given. Fragment sizes are in kb. 
Hindlil PvuII PvuII + Avail Hincli 
6.9kb 4.9kb 	2.0kb 2.7kb 2 .2kb 2.2kb 1 .0kb 3 .8kb 
2 
4 
5 + + 	+ + + ND ND ND 
81 + + 	+ + H+ ND ND ND 
9 + + 	+ + + ND ND ND 
24 + + 	+ + + + + + 
29 - - 	+ + - - + + 
36 - - 	+ + - - - + 
44 - ND 	ND ND ND  
* 
There appears to be a 4.9kb PvuII fragrrent in clone 11; 
there are actually two bands, one slightly smaller and 
one slightly larger than 4.9kb. 
FIGURE 4.8 Maps of incorporated DNA in cells 
transformed with pBR328/TK2 
The top line of this figure is a map of tandemly repeated 
pBR328/TK2, showing relevant restriction sites. The 
lower lines are maps of integrated DNA in the transformed 
cells (as indicated), derived from the data in Figure 
4.7 (tabulated in Table 4.1) as described in the text. 
The boxed segments are sequences which are known to be 
present; boxed segments which appear below the line show 
sequences which could be present in one or other or both 
of the positions. Lines represent sequences which may or 
may not be intact. The filled sections represent the HSV-
TK DNA. 
Restriction sites: A, Aval; Hil, Hincil; Hill, Hindill 
and P, PvuII. 
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of unrearranged structure on the 5' side of the gene. On 
the 3' side, the 3.8kb HincIl fragment which extends from 
within the 2.0kb PvuII (TK) fragment was found. The 2.7kb 
PvuII/AvaI fragment is absent, defining the Aval site as 
the furthest point 3' of the TK gene at which 
rearrangement could have occurred. 
By similar reasoning the other maps shown in Figure 
4.8 were derived for clones T2, T4, Til, T29, T36 and 
T44. Clones T5, T8, T9 and T24 contain head to tail 
copies of the plasmid DNA, these structures including two 
Hindill sites. Since the method of map construction used 
relies on the absence of bands, when all bands looked for 
are present as in clones T5, T8, T9 and T24, the end 
points of the structure are obscured and the integrated 
DNA cannot be mapped. 
The maps derived for clones Ti, T2, T29 and T44 are 
consistent with integrations having occurred with no loss 
or duplication of plasmid sequences. 
The maps constructed from the data in Fig. 4.9, 
summarised in Table 4.2 for pBR328/TK2/Sat2 clones are 
shown in Figure 4.10. Clones Si and S6 have full length 
copies of the plasmid together with multiple rearrange-
ments and thus cannot be mapped by this approach. Clone 
S3 contains plasmid which has retained little of its 
original structure. Clones S2 and S4 give two maps; 
clone S7 gives three maps, each of which are separate. 
- 117 - 
FIGURE 4.9 Restriction analysis of pBR328/TK2/Sat2 
transformed cell lines DNAs 
51ig of DNA from pBR328/TK2/Sat2 transformants (as 
indicated) were digested with one or two restriction 
enzymes (as indicated), electrophoresed through 1% 
agarose gels, transferred to nitrocellulose, hybridised 
with 32 P labelled pBR328/TK2 and A c1857 DNA and 
autoradiographed. 
Control tracks (c) contain a mixture of 5'g of L cell 
DNA and about 7 x10 5 g pBR328/TK2/Sat2 DNA 
(equivalent to 1 copy per cell) digested as indicated. 
Marker tracks were: Ml, A c1857 DNA digested with 
Hindlil; M2, A c1857 DNA digested with Aval; M, Ml 
and M2 mixed. 
Cell lines transformed by microinjection are indicated 
by a diamond symbol. 
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TABLE 4.2. Compilation of mapping data for cells 
transformed with pBR328/TK/Sat2 
The presence or absence of bands (Fig. 4.9) 
predicted if no rearrangement of plasmid sequences has 
occurred is given. 	Fragment sizes are in kb. 
Exclamation marks indicate bands which migrate at the 
position expected, but which cannot be the predicted 
fragments since other data are inconsistent with this. 
Some of the digests were not performed for some of the 










PvuII & Aval 
7.7 	2.1 
Hincli 
4.6 	2.2 	1.0 	4.1 
SstI & BamHI 
4.0 	7.9 
SstI & Aval 
3.0 	8.9 
SstI & Hindill 
9.3 	2.6 
Clcne 
1 + ND + 	+ + 	+ ND ND ND ND 
2 - - - 	+ - 	+ - 	- 	+ 	- - - 	- - 	- 
3 - - + 	- - 	- - 	+ 	+ 	- - 	- - 	- + 	- 
4 - - - 	+ - 	- - 	+ 	+ 	- - 	- - 	- - 	+ 
5 - 4-! - 	+ - 	+ + 	+ 	+ 	- + 	- + 	- + 	- 
6 + ND + 	+ + 	+ ND ND ND ND 
7 - i-I +1 	+ - 	- - 	+ 	+ 	- - 	+ - 	- - 	+ 
59 - + + + + 	+ + 	+ 	+ 	+ + 	+ + 	+ + 	+ 
70 - ND + 	+ + 	+ + 	+ 	+ 	+ ND ND ND 
72A - ND - 	+ - 	+ + 	+ 	+ 	- ND ND ND 
72B - ND - 	+ - 	+ + 	+ 	+ 	- ND ND ND 
FIGURE 4.10 	Maps of Incorporated DNA in cells 
transformed with pBR328/TK2/Sat2 
The top line is a map of tandemly repeated 
pBR328/TK/Sat2, showing relevant restriction sites. The 
filled sections represent the HSV TK insert, the shaded 
sections correspond to the satellite DNA. 
The lower lines are maps of integrated DNA in clones of 
transformed cells (clone numbers indicated) constructed 
from data in Fig. 4.9 (see Table 4.2). Boxed segments 
represent sequences which are present, boxed segments 
below the line may be present at that position: one or 
other of the boxed segments must be present, possibly 
both. Question marks indicate restriction sites which 
can only be present in one of the two positions 
indicated. 
Restriction sites: A, Aval; B, Bamlil; Hil, Hincil; Hill, 
Hindill; P, PvuII and S, SstI. 
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Clone S4 contains an intact 2.0kb PvuII fragment. 
Overlapping this fragment are intact 1.0kb HincIl and 
2.6kb SstI + Hind III fragments. The 2.2kb PvuII + Aval 
and 4.1kb HincIl fragments are absent. Combining these 
data gives map (a) (Fig.4.10). The 2.2kb HincIl fragment 
is also present, but not the 2.2kb PvuII + Aval or 4.6kb 
Hincli fragments. This information leads to map (b). 
These maps are separate since if they were combined (map 
a and b), the 2.2kb PvuII + Aval fragment would be 
predicted to be present. 
It is possible that modification of the DNA within 
the cells has led to misleading results. In clones S4 
and S7, the 2.2kb PvuII and Aval fragment is missing. 
Aval has the recognition sequence CPyCGPuG and will not 
cut DNA methylated at the central cytosine (see 
McClelland (1983)). Methylation of cytosine in the 
dinucleotide CpG is a common modification in mouse (see 
Doerfier, 1983); if this had occured at Aval sites in 
clones S4 and S7, the maps would be misleading: in S4, 
the two maps could be combined and in S7 two of the three 
could be combined (Fig. 4.10). 
The maps constructed for S5, S72A and S72B are each 
consistent with integration of plasmid without loss or 
duplication of any plasmid sequences. 
All of the clones transformed by microinjection have 
retained the satellite DNA insert; clones S59 and S70 
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have the entire block intact, clones S72A and S72B have 
at least 4.3kb of the 5.0kb, and possibly the entire 
insert. Of these clones, three had lost the ability to 
grow on HAT medium at an early stage (see Section 3.6). 
This is in contrast with the calcium phosphate 
transformed cell lines: clones Si, S5, S6 and S7 have 
retained satellite DNA (by this analysis). Of these, Si 
and S6 have large amounts of DNA integrated with multiple 
rearrangements; in S7 the satellite DNA is not contiguous 
with an expressible TK gene except possibly as the result 
of a rearrangement. 
Clone S3 is very interesting because on Hindlil 
digestion (Fig. 4.3) there are only two bands detected, 
both are of a different size from linearised plasmid 
and one of the bands gives hybridisation at a level of 
about ten copies of plasmid per cell. The simplest 
interpretation is that the plasmid has rearranged before 
integration, and has integrated as a head to tail 
multimer of the rearranged plasmid. Digestion with a 
variety of enzymes (Fig. 4.9) confirms the high level of 
rearrangement of plasinid sequences, with the rearranged 
forms present at multiple copy levels. This simple 
interpretation would predict a single, very high 
molecular weight band on digestion with XbaI but this is 
not the case. Figure 4.4 shows that six bands containing 
plasmid are generated by XbaI. If these multiple )CbaI 
fragments represented multiple integrations of plasmid 
DNA, a more complex pattern would be expected on 
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digestion with other enzymes: each independent 
integration should give two junction fragments. 
The relatively simple organisation of the integrated 
plasmid sequences and their multiple copy representation, 
interrupted by XbaI sites, indicates that non-plasmid DNA 
is interspersed within the plasmid sequences. If a piece 
of non-plasmid DNA containing an XbaI site was 
incorporated into the plasmid during rearrangements 
extrachromosomally followed by conversion to a head to 
tail multimer and integration, XbaI digestion should give 
a maximum of three bands: one representing the repeated 
unit and two integration junction fragments. Since six 
XbaI fragments were found, this mechanism is not 
sufficient to explain the results. A possible explanation 
is that the plasmid was integrated into a mouse 
chromosome, followed by amplification of the incorporated 
DNA. This mechanism could account for the heterogeneity 
of XbaI fragments since amplification is not uniform, 
with some sequences being amplified more than others 
(Roberts et al, 1983). The model of amplification 
proposed by Roberts et al would allow for fragment 
length heterogeneity. A further piece of evidence 
supports the notion that amplification of the plasmid DNA 
may have occured in clone S3 since digestion with Pvii.II 
does not give the 2.0kb band which contains the TK gene. 
The rearrangement which led to the loss of the 2.0kb 
fragment may also have disrupted the gene function making 
it less efficient and thus providing selection for 
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amplification. 
4.7. Discussion 
If gene transfer is to be used for the study of gene 
regulation, it is important for the sequence arrangements 
of transferred genes to be maintained after introduction 
into cells. Transient expression systems are often used 
to analyse the effects of mutants derived in vitro. 
This type of assay requires the assumption that the 
majority of introduced DNA retains its organisation for 
the duration of the experiment, probably a reasonable 
assumption (see Section 1.4). Because transient 
expression assays require large amounts of DNA to be 
introduced into cells, the physiological status of the 
cells is likely to be abnormal. Although much of the 
information derived from such assays is useful, it would 
be unwise to extrapolate from such experiments. One 
example of where problems may arise would be if two or 
more trans-acting factors are required to act in concert 
to activate transcription of a gene. In this situation, 
introduction of a large number of copies of the gene 
could result in competition between genes for the 
trans-acting factors. The use of stably transformed cells 
in which no sequence rearrangement has occurred would be 
favourable in such situations. Cell lines with multiple 
copies of transferred genes are subject to difficulties 
of interpretation, since there is the possibility that 
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not all of the transferred genes are expressed. 
Many workers have demonstrated that transferred DNA 
becomes integrated into chromosomes (Section 1.8), 
although there have been claims of extrachromosomal 
rnainte.nance of transferred plasmids (Section 1.11). The 
transforming plasmid DNA in each of the cell lines 
analysed here was linked to high molecular weight DNA, 
indicative of chromosomal integration. No evidence of 
extrachromosornal maintenance was obtained. This is 
independent of whether the cells were transformed by 
Inicroinjection or calcium phosphate precipitation with or 
without carrier DNA. It is worthy of note that mouse 
satellite DNA, which is largely located near centromeres 
(see Bostock & Sumner, 1978) did not direct segregation 
of extrachromosomal plasmids, the furt 	assay used 
for identification of yeast centromeres (Clarke and 
Carbon, 1980). It may be that satellite DNA does have 
centromere activity, but that pBR328/TK/Sat2 does not 
constitute a functional replicon; alternatively, 5kb of 
satellite DNA may be too small to function as a 
centromere. 
Cell lines transformed by calcium phosphate 
precipitation are extremely variable with respect to the 
amount of DNA incorporated. A single HSV TK gene is 
sufficient to convert a TK L cell to HAT resistance, 
yet the majority of cells transformed by this method 
contain multiple copies of the gene. Microinjection, on 
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the other hand, only led to integration of single copies 
or partial duplications. Intermolecular ligation of 
transferred DNA is very efficient (Section 1.12). The 
reason that small amounts of DNA were integrated after 
microinjection is presumably because of the limited 
amount of DNA injection (about 13 molecules per cell). 
Folger et al (1982) similarly found single copy 
integrations in cells injected with small amounts of DNA; 
when the concentration was increased, multiple copies 
were incorporated. Microinjection of DNA is a much more 
controllable method of gene transfer than calcium 
phosphate precipitation. 
Analysis of plasmid DNA incorporated by cells 
transformed by the calcium phosphate method revealed that 
rearrangement of sequences is extremely common. While 
some of the novel fragments found result from integration 
of the plasmid into cellular DNA, the majority are 
internal to the blocks of integrated plasmid and result 
from the joining of previously non-contiguous plasmid 
sequences. In a cursory analysis of cells transformed 
with pure plasmid DNA, either circular or linearised at a 
single site, Huttner et al (1981) observed the same 
phenomenon. Folger et al (1982), in cells transformed 
by microinjection such that multiple (up to 100) copies 
of plasmid were integrated, observed head to tail 
multimers and a maximum of two presumed junction 
fragments. Similar results have been presented by Kudo 
et al (1982) for cells transformed by pricking, and by 
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Huberman et al (1984) for microinjected cells. This 
shows that the multiple rearrangements are a feature of 
the precipitation method of transformation, and not 
inherant in the processing of transferred DNA in the 
nucleus. Folger et al (1982) showed that linear DNA is 
very much more efficient than circular DNA at 
transforming cells when small numbers of molecules are 
injected. At higher concentrations, the transformation 
frequencies are the same with the two forms. This is 
consistent with the interpretation that linear DNA is the 
substrate for the integration reaction and that 
linearisation is the first step involved in the 
integration of circular DNA. When circular DNA is 
introduced into cells by calcium phosphate precipitation, 
degraded DNA would be integrated in preference to intact 
DNA. 
There are sequence effects on rearrangement. Cell 
lines derived by transformation with vectors based on 
pBR328 contained less unrearranged DNA than those trans-
formed with pAT153/TK. Mapping of integrated DNA in cell 
lines transformed by precipitation or microinjection 
provides no evidence for preferential sites of 
rearrangements in the transferred DNA. The HSV TK gene 
containing portion of the plasmids 	, in almost every 
case, present intact. This is not surprising since 
\ck 
transformants/\expressing TK would not have been able to 
grow on HAT medium. It is notable that clone S3, which 
did not retain the 2kb PvuII fragment which contains the 
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TK gene, appears to have amplified a rearranged form of 
the transforming DNA. Defective HSV TK genes have been 
shown to confer HAT resistance if multiple copies are 
integrated (Lin and Sternberg, 1984; Pulm and Knippers, 
1985). 
Close association of satellite DNA with a gene is 
compatible with expression of the gene after integration 
into cellular DNA. This is very interesting in the light 
of the results presented in Chapter 3 which suggest that 
satellite DNA either reduces the integration frequency, 
or causes extinction of expression after integration. 
Many studies have been made on the integration of 
viral DNA into cellular genornes. Apart from retro-
viruses, which integrate in a defined manner by a 
catalytic mechanism, perhaps the best studied system is 
integration of SV40 DNA in cells non-permissive for viral 
DNA replication. The viral DNA is most often integrated 
in head to tail repeating structures (for example Campo 
et al, 1978; Chia and Rigby, 1981), although 
integration of partial SV40 genomes has been observed 
(Ketner and Kelly, 1980). Multiple integration sites are 
common in SV40-infected non-permissive cells (Botchan et 
al, 1976; Ketner and Kelly, 1980). After transfer of 
SV40 DNA into non-permissive cells by calcium phosphate 
precipitation, complex structures of integrated DNA have 
been found. Botchan et al (1980) characterised the 
integrated SV40 DNA in one cell line transformed by the 
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calcium phosphate method. A single insertion site was 
found which contained two segments of SV40 DNA in 
inverted orientation separated by 40bp of non-SV40 
(carrier derived?) DNA, integrated into cellular DNA. 
There are considerable differences between the 
microinjection and calcium phosphate precipitation 
methods of gene transfer. Microinjection allows much 
more control over the number of copies of the 
transforming DNA integrated and is not subject to the 
problem of random rearrangements of the incorporated 
DNA. When such considerations are important, 
rnicroinjection is to be recommended in preference to 
calcium phosphate precipitation. This is not to say that 
the precipitation method does not have advantages. 
Calcium phosphate precipitation is the easier of the two 
methods, and allows transfer of DNA into many more cells 
than is possible by microinjection. The use of 
microinjection to transfer genes which have not been 
cloned is not feasible, such experiments can be performed 
using the calcium phosphate method and have proved 
extremely useful in, for example, the identification of 
oncogenes and the cloning of genes. 
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CHAPTER 
DO PLASMIDS INTEGRATE BY HOMOLOGOUS 
RECOMBINATION? 
5.1. Introduction 
Despite many studies on the joining of DNA molecules 
co-transferred into cells, and of the behaviour of 
transferred DNA after integration (see Section 1.12), 
little is known about the process of integration of 
exogenous DNA into chromosomes. The integration reaction 
may be totally random with respect to DNA sequences, 
there may be a requirement for sequence homology (partial 
or complete), there may be "hotspots" of highly 
recombinogenic sequences, indeed, all these may be 
represented. 
As already pointed out (Section 1.12) a precedent 
exists for integration by homologous recombination, in 
yeast (Hinnen et al, 1978), and it has been 
demonstrated by many workers that homologous 
recombination occurs between co-transferred sequences in 
mammalian cells. 
An additional reason for interest in integration by 
homologous recombination is that it would allow the 
replacement of endogenous genes with exogenous sequences. 
This would allow a truly reductionist reverse genetic 
approach, allowing the study of defined mutations in a 
gene's natural sequence environment, eliminating 
potential position effects. Gene replacement could 
possibly find a place in the treatment of genetic 
disease. 
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The approach described here to look for integration 
by homologs recombination was to maximise the "target 
size" for integration. Mammalian genomes contain a 
number of sequences which are repeated many times. In 
mouse two such sequences are satellite DNA which 
comprises about 10% of the genome, and Mif-1 which makes 
up about 1% of the total DNA. Clearly these components 
of the mouse genome provide very large targets for the 
integration of transferred homologous sequences, and were 
chosen for this study. 
5.2. Satellite DNA 
Plasmid pBR328/TK2/Sat2 has an insert of about 5kb 
of satellite DNA, about 20 repeats. This, coupled with 
the very large number of copies of the repeat unit in 
genomic DNA, makes the target for homologous integration 
of this plasmid very large. 
Density gradient centrifugation of DNA isolated from 
transformed cell lines was used to look for evidence of 
integration by homologous recombination. The assay is 
based on the prediction that the position at which the 
integrated DNA will band in a CsC1/Hoechst 33258 density 
gradient will depend on the base composition of both the 
integrated DNA and the DNA flanking the integration site. 
This integration of plasmid DNA (heavy) into satellite 
DNA (light) would reduce the apparent density of the 
plasmid sequences. Figure 5.1 panel A shows the behaviour 
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FIGURE 5.1 Analysis of fractions from C5C1/Hoechst 
33258 gradients 
Gradients were fractionated with fraction 1 containing 
the satellite DNA band, fractions 4 to 6 containing main 
band DNA. Fractions 2 and 3 were from the region between 
the satellite and main bands, and fractions 7 to 9 from 
below the main band to the tube bottom. 
Panel A shows a reconstruction with 25ng of Hindill 
linearised pBR328/TK2 mixed with 5Oi.g of mouse DNA prior 
to centrifugation. Panel C shows a similar 
reconstruction with 25ng each of linearised plasmids 
pBR328/TK2 and pBR328/TK2/Sat2. After recovery from the 
fractions, an aliquot of the DNA was digested with MboI 
and analysed by Southern blotting using pBR328/TK2 as 
probe. 
Panel B shows an analysis of two cell lines transformed 
with pBR328/TK2. After fractionation and recovery, 
aliquots of DNA were digested with Hincil. 
Unfractionated "input" DNA is shown in tracts (in). 
Panel D is a similar analysis of three cell lines 
transformed with pBR328/TK2/Sat2. marker tracks (M) 
contain Hindill digested DNA. 
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of linearised pBR328/TK2 in a CsCl/Hoechst 33258 
gradient. The linear plasmid was mixed with mouse L cell 
DNA and after centrifugation the gradient was 
fractionated: fraction 1 contains the mouse satellite DNA 
band; fractions 2 and 3 come from the region between the 
satellite DNA band and the main band; fractions 4 to 6 
are the main band and fractions 7 to 9 are from just 
below the main band to the bottom of the tube. The 
plasmid was found predominantly in fraction 7, with more 
in fraction 8 than in fraction 6 and is thus denser than 
both satellite and main band DNA. 
Figure 5.1, panel B shows DNA from pBR328/TK2 
transformed clones T4 and TB after fractionation by 
density gradient centrifugation and subsequent digestion 
with Hincli. The fraction from clone T4 DNA with most of 
the plasmid sequences was fraction 6, the remainder was 
in fraction 7; no hybridisation was seen to DNA in 
fraction 8. This shows that integration of the plasmid 
DNA into chromosomal DNA produced an identifiable change 
in buoyant density. Plasmid sequences from clone T8 band 
predominantly in fraction 7, with hybridisation to DNA 
from fraction 6 and fraction 8. This is similar to the 
profile seen with linear pBR328/TK2. Clone T4 contains a 
relatively small amount of plasmid DNA whereas clone T8 
carries much more. Integration of plasmid DNA into the 
genome of mouse L cells caused a shift in the buoyant 
density of the plasmid sequences due to the lower density 
of the mouse DNA flanking sequences in a cell line with a 
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small amount of DNA integrated. 
plasmid pBR328/TK2/Sat2 bands with main band DNA in 
fractions 4 to 6 (Fig. 5.1 panel C), the satellite DNA 
insert causes a reduction in buoyant density relative to 
pBR328/TK2. In clones S3, S6 and S7, the plasmid 
sequences are most abundant in fraction 5, where 
pBR328/TK2/Sat2 integrated into main band DNA would be 
expected. In clone S6 there are fragments (arrowed) 
which are enriched in fraction 6 relative to fraction 4. 
This clone containes two integration sites, one with a 
large amount of plasmid DNA and one with a small amount 
(Section 4.4). The minor fragments are presumably 
derived from the minor integration site. The density 
bias of these fragments is away from that of satellite 
DNA, showing clearly that integration has been into non-
satellite DNA. 
These experiments provide no evidence for 
integration of satellite DNA-containing plasmids into 
cellular satellite DNA. 
5.3. Mif-1 DNA 
Mif-1 is a dispersed repeated sequence in the mouse 
genome originally identified as a 1.3kb EcoRl fragment 
(Cheng and Schildkraut, 1980; Heller and Arnheim, 1980). 
This has been found to be a part of a larger structure of 
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up to 6.5kb (Fanning, 1983; Bennett and Hastie, 1984). 
the 4.0kb BarnHI fragment in pBR328/TK2/Mif-1 contains the 
entire 1.3kb EcoRl fragment (Meunier-Rotival et al, 
1982; see Materials and Methods). A consensus map of 
genomic Mif-1 is shown in Figure 5.2B, for BglI, Hincli, 
BainHI and SstI recognition sites using data from 
references cited above, and from Brown and Piechaczyk 
(1983). Fig. 5.2A shows a map of pBR328/TK2/Mif-1 and 
Fig. 5.2C shows the structure which would be formed by a 
circular pBR328/TK2/ Mif-1 sequence integrating by 
homologous recombination into a chromosomal copy of the 
Mif-1 consensus sequence. A number of novel fragments 
are predicted on digestion of such a structure with BglI, 
Hincil and SstI; an unchanged BaznHI plasmid fragment is 
also expected. The fragment sizes predicted are also 
given in Fig. 5.2C. With Hincli alternative patterns are 
possible: if the 8.15kb fragment is present, the 2.1kb 
fragment should also be generated, but if the 5.65kb 
fragment is seen, both the 8.15 and 2.1kb fragments 
should be absent. The 5.65kb fragment would be generated 
if the recombination event occured 3' to the HincII site 
in the genomic Mif-1 sequence; the 8.15 and 2.1kb would 
be found if the recombination was 5' to this site. 
Figure 5.3 shows DNA from 5 cloned cell lines 
generated by calcium phosphate transformation using 
pBR328/TK2/Mif-1, after digestion with BarnHI, Hunch, 
BglI or SstI. With BainHI, three of the cell lines (Ml, 
M6 and M7) give a 6.9kb fragment, required if homologous 
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FIGURE 5.2 Predicted outcome of integration of 
pBR328/TK2/Mif-1 by homologous recombination. 
A 	shows a map of pBR328/TK2/Mjf-]. 
B 	shows the consensus map of genomic 
Mif-1 DNA. 
C 	shows the product of integration by homologous 
recombination (upper line). 	The lower lines represent 
predicted fragments obtained by digestion with BaxnHI 
(B), BglI (Bg), Hincli (H) or SetI (s). The sizes 
of these predicted fragments is given in kb. 
Alternative predictions are made with Hincli 
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FIGURE 5.3 Analysis of DNA from cells transferred 
with pBR328/TK2/Mif-1 by calcium phosphate 
precipation. 
bug of DNA from each cell line was digested with BainHI, 
BglI, Hincil or SstI (as indicated). Control track (ic, 
3c, bc) contained bug of L cell DNA with pBR328/TK2/Mif-
1 mixed in to an equivalent of 1, 3 or 10 copies per 
cell. Markers were a mixture of Hindill and Aval 
digested DNA8 (M) or Hindill digested DNA alone 
(M1 ). The DNAs were electrophoresed through 1% 
agarose, transferred to nitrocellulose, hybridised with 
32 P labelled pBR328/TK2 and autoradiographed. 
Arrows show the positions predicted 
generated by homologous integration 
A dot at the head of a track indica 
one or more of the predicted bands. 
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recombination occurred in the manner shown diagram-
matically in Figure 5.2. In clone M6, Hincil gives a 
band of about 5.65kb, one of the predicted fragments. 
With Bg1I, only clone M7 is a candidate for a cell line 
with the predicted fragments. In SstI digestions, clones 
Ml, M6 and M7 have fragments with the predicted size. 
Thus none of the clones give fragments of the sizes 
predicted on the basis of homologous recombination 
between Mif-1 sequences for all four of the enzymes used 
to cut the DNA, although clone M7 gives the predicted 
fragments with three of the four enzymes used. Could 
this clone represent integration into a chromosomal copy 
of Mif-1 which is a variant of the consensus sequence? 
Heterogeneity in the Mif-1 sequences is known in the 
genome; integration could have been into a sequence 
which, specifically in this case, does not have the 
consensus HinclI sites. The large amount of DNA 
incorporated in clone M7, however, invalidates this type 
of analysis because so many fragments of different sizes 
are generated in the diagnostic digests that fragments 
very close to the predicted sizes are likely to be 
generated by chance. Clone Ml gives the predicted sizes 
with BainHI and SstI, but once again contains a large 
amount of plasmid DNA. Clone M6 has Hincil and SstI 
fragments of predicted sizes, but not with BainHI. The 
presence of the 6.9kb BamHI fragment is an absolute 
prediction of integration of an unrearranged plasmid by 
the mechanism this experiment was designed to test for. 
- 132 - 
Two transformants were derived by injection with 
pBR328/TK2/Mif-1: clones M78 and MlOO. The four 
diagnostic digests were performed and are shown in Figure 
5.4. The only predicted band present is in BaxnHI digested 
clone M78 DNA. This band is not one of the novel bands 
predicted, but is derived sole' from plasmid sequences. 
Clone M100 has a single insertion of plasmid DNA, 
and the data are consistent with there being no loss of 
or duplication of plasmid sequences. In BglI digested 
DNA the 1.23kb fragment present in the plasinid (see track 
ic) is absent, and two new bands appear (bracketed). In 
the Hincli digest, only the 2.2kb fragment is missing, 
with two new fragments appearing. SstI gives two 
fragments; the BarnHI digest was partial. The Hincli 
fragment missing in MlOO contains the entire 1.23kb BglI 
fragment. The two novel HincII fragments give similar 
intensities of hybridisation, showing that the break was 
around the middle of the 2.2kb HincIl fragment, assuming 
no loss of plasmid sequences. A map of the integrated 
plasmid in clone MlOO is shown in Figure 0.5. In this 
case integration was not within the Mif-1 sequences in 
the plasmid, and therefore could not have been mediated 
by homologous recombination between Mif-1 sequences. 
Despite the fact that these experiments provide no 
clear evidence for integration by homologous 
recombination, it remains possible that it does occur. 
To find products of homologous recombination when 
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FIGURE 5.4 Analysis of DNA from cells transformed 
by microinjectj.on with pBR328/TK2/Mjf_l DNA 
1049 of DNA from clones M78 and M100 were digested as 
indicated. Control tracks (ic, 3c, lOc)contained lOg of 
L cell DNA with 1, 3 or 10 copies of pBR328/TK2/Mjf-1 DNA 
per cell equivalent. Marker tracks (M) contain A c1857 
DNA digested with Hindlil and A  c1857 DNA digested with 
Aval. The DNA was transferred to nitrocellulose, 
hybridised with 32 P labelled pBR328/TK2 and A c1857 
DNA, followed by autoradiography. 
The positions of bands predicted if integration  
occurred by homologous recombination are indicated by 
arrows. The bands in SstI digests indicated with 
exclamation marks are due to DNA homologous to the probe 
contaminating the enzyme stock. 
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FIGURE 5.5 Map of the DNA integrated in cell line 
MiOC 
The upper line is a map of linear partial duplication of 
pBR328/TK2/Mif-1. The solid section of the lower line 
represents sequences known to be present in clone M100. 
The end points of the integrated DNA lie within the 
portions denoted by dashed lines. Restriction enzyme 
sites are: BamHI (Ba); BglI (Bg); Hincli (H) and SstI 
(s). 
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transforming with pure plasmid DNA would require the 
interaction of transforming DNA with chromosomal Mif-1 
sequences. Many workers have co-transformed cells with 
two non-functional overlapping gene segments and have 
obtained reconstruction of functional genes by homologous 
recombination (see Section 1.12). It is likely that the 
homologous recombination events observed occurred before 
integration of the transforming DNA. Folger et al 
(1985) found that homologous recombination between 
molecules injected separately is efficient, showing that 
the homologous sequences have no difficulty in seeking 
each other out. A time lag of 90 minutes after the first 
injection before injection of the second molecule is 
sufficient to abolish recombination. It may be that the 
first molecule injected becomes assembled into chromatin 
and refractory to recombination. To test if the failure 
to detect homologous recombination after transformation 
with pure plasmid DNA was due to the chromosomal Mif-1 
sequences being inaccessible for recombination, 
transformants were made by calcium phosphate 
precipitation of a small amount of pBR328/ TK2/Mif-1 with 
mouse L-cell carrier DNA. This carrier provided a 
possible target of Mif-1 sequences in naked DNA. Analysis 
of DNA from these clones by digestion with Hincli, BainHI, 
BglI and SstI is shown in Figure $.6. After BaniHI 
digestion, four of the clones (MC2A, MC2B, MC4B and MC5B) 
give the predicted 6.9kb band. Of these four clones MC2A 
and MC4B give a band of about 5.65kb with Hincil, as 
predicted. Clone MC4B DNA, after digestion with BglI or 
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FIGURE 5.6 Analysis of DNA from cells transformed with 
pBR328/TK2/Mjf-1 and mouse carrier DNA. 
DNA from each cell line (5pg) was digested with enzymes 
BamHI, BglI, Hincil or SstI, electrophoresed through 1% 
agarose, transferred to nitrocellulose, hybriced with 
32P labelled pBR328/TK2 and autoradiographed. 
Control tracks contain 511g mouse cell DNA mixed with 
pBR328/TK2/Mif-1 at levels equivalent to 1 (c and ic), 3 
(3c) or 10 (bc) copies per cell. Marker tracks contain 
Hindill digested DNA (M) or Aval digested DNA (M 1 ). 
The positions of fragments predicted for homologous 
recombination between the plasmid and Mif-1 sequences in 
the carrier or chromosomal DNA are marked with arrows. 
Tracks containing predicted fragments are indicated by 
dots. Exclamation marks indicate spurious bands due to 



































































































SstI gives bands of the correct sizes; DNA from clone 
MC2A gives the correct size with SstI, but not with 
BglI. Clone MC2A gives fragments of predicted sizes with 
three of the four enzymes, clone MC4B gives predicted 
fragments in all four digests. These cell lines are good 
candidates for derivatives of cells which have joined a 
plasmid containing a cloned Mif-1 sequence with mouse 
genomic carrier DNA by homologous recombination. 
Confirmation of the putative homologous recombination 
would require molecular cloning of the junctions between 
the plasmid and non-plasmid DNA5 and detailed analysis. 
The experiments just described were done in order to 
look for homologous recombination of transforming DNA 
with chromosomal DNA. The Mif-1 sequence was chosen as 
it is highly repeated, and thus presents a large target 
of homologous sequences for the transforming plasmid. The 
high repetition, however, does present problems for 
analysis: there is heterogeneity amongst the genomic 
repeats, not only in the presence/absence of restriction 
enzyme recognition sites, but also in length. All Mif-1 
sequences share the same 3' end; the length heterogeneity 
is at the 5' end (Gebhard and Zachau, 1983; Voliva et 
al, 1984). It is possible therefore that homologous 
recombination has occurred which was not detected by 
this analysis. 
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5.4. Discussion 
A number of groups have also attempted to find 
recombination between transforming DNA and chromosomal 
copies of homologous sequences. Goodenow et al (1983), 
by co-transformation with TK, introduced truncated genes 
for histocompatability antigens H2_Kd and  H2_Ld 
into mouse L cells, deleting parts of the coding region 
and/or promoter sequences. With one construct, 10% of 
TK+ transformants gave a positive result for the 
appropriate H2 antigen in radioimmunoassays. 
Characterisation in cloned positive cells, of the 
polypeptide products which determined the selected 
immunoreactivity showed that they were indistinguishable 
from the normal polypeptides of that type. A number of 
the transformants expressed lower levels of the H2_Kk 
antigen (one of those expressed normally in L-cells). 
These results were taken as evidence for high frequency 
recombination of the introduced truncated 
histocompatability genes into the L cell 112 locus. In a 
similar study, of human histocompatability (HLA) gene 
transcription in mouse L cells, Yoshi et al (1984) 
obtained similar results. Genes with 5' sequences deleted 
(including exon 1, part of exon 2 and the promoter) were 
expressed into both a short transcript and a full length 
transcript. Unpublished sequence data mentioned in this 
paper of two cDNA clones, however, "reveals that 
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homologous reombination with known H-2 genes does not 
account for at least some of the HLA-B7- specific RNA". 
A.J.Smith and P. Berg (personal communication) have 
evidence at the DNA level for homologous recombination 
between chromosomal DNA and transforming DNA. A cell 
line was constructed which contains multiple copies of a 
neomycin (G418) resistance gene mutated at the 3' end. 
This cell line did not segregate G418 resistant cells at 
a detectable frequency. A second (different) mutated 
neomycin resistance gene was introduced into these cells 
and colonies selected with G418. The frequency of 
transformation was lO to lO that given by 
transformation with a functional neomycin resistance 
gene. The DNA from G418 resistant transformants gave the 
expected fragments when digestion with diagnostic 
restriction enzymes was performed. 
Kudo et al (1982) used a plasmid containing a TK 
gene and a mouse repeated sequence to transform mouse L 
cells by microinjection or pricking (see Section 1.3). 
The mouse sequence in the plasmid is present at about 
10 4  copies per haploid genome. Four transformed 
clones were analysed by restriction digestion; in each 
clone the plasmid was shown to be integrated into high 
molecular weight DNA as head to tail repeats. The 
transformation frequency was not increased by the 
presence of the cloned copy of the repeated sequence in 
the plasmid used; this, taken with the failure of the 
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plasmid to integrate into multiple sites in each 
transformant was taken to show that integration by 
homologous recombination did not occur. 
In two studies (Berg et al, 1983 and Steele et 
al, 1984) genes for ribosomal RNA (rRNA) were chosen as 
potential targets for integration by homologous 
recombination. Berg et al used plasmids containing a 
TK gene and two copies of the 5S rRNA gene from Xenopus 
borealis to transform TK mouse L cells. Analysis 
of the DNA of transformed cells by Southern blotting gave 
different bands for each of the four clones analysed. 
Two of the clones were analysed by in situ hybridisation 
to chromosomes: the plasmid was not integrated at any of 
the major sites of the 300 to 350 5S rRNA genes in mouse 
L cells. Steele et al used a plasmid which contained a 
TK gene and a 3.3kb fragment of a mouse rRNA gene. After 
transformation into mouse L cells, seven cell lines were 
isolated. A number of novel restriction fragments were 
predicted as products of integration by homologous 
recombination, but were not found when the DNA from the 
cell lines were analysed. Nuclei of five of the cell 
lines were fractionated into a fraction enriched for 
nucleoli and depleted of nucleoplasm and one enriched for 
nucleoplasm with depletion of nucleoli. The integrated 
TK plasmids were associated with the nucleoplasm, again 
suggesting that integration was not by homologous 
recombination. 
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All of the studies which have attempted to 
demonstrate integration into repeated sequences by 
homologous recombination have used plasmids containing a 
cloned copy of the repeated sequence and a selectable 
gene, with selection for the gene. It may be that 
integration into repeated sequences is incompatible with 
expression of the selectable gene. If this were so, 
selection for expression of the gene would result in 
selection against integration by homologous recombination. 
It is easy to envisage this for satellite DNA and 18S and 
28S rRNA genes. These repeated sequences are both 
compartmented: satellite DNA in heterochromatin, 18S and 
28S rRNA genes in nucleoli, where gene expression is 
mediated by RNA polymerase I. Both of these compartments 
may be inaccessible to RNA polymerase II and other 
transcription factors. Genes with RNA polytnerase II 
specific promoters (such as TK) may thus not be 
transcribed after integration into these environments. 
Integration by homologous recombination into rRNA genes 
and expression of a selectable marker has been observed 
in Yeast (szostak and Wu, 1980), although in a trans-
formed Rat cell line which had DNA integrated into a 
ribosomal locus, the rRNA genes were inactive. This may 
reflect the mutual incompatibility of expression of 
closely linked genes mediated by RNA polymerases I and 
II. Experiments performed to look for integration by 
homologous recombination into these repeated sequences 
may, by their nature, be biased against positive results. 
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The behaviour of repeated sequences with respect to 
homologous recombination may be unrepresentative of the 
genome as a whole. Homologous recombination between 
members of a repeated sequence family on different 
chromosomes would lead to chromosomal translocations; 
recombination between repeats on a single chromosome 
would lead to deletions and duplications or inversions 
of chromosome segments. A high frequency of such events 
could not be tolerated; there may be mechanins which 
suppress homologous recombination between repeated 
sequences. 
In the light of these considerations and of the 
results presented by other workers it is perhaps not 
surprising that the results presented in this Chapter 
provide no evidence for integration by homologous 
recombination into Mif-1 or satellite DNA sequences. The 
results obtained with cells transformed with the Mif-1 
containing plasmid and carrier DNA support the notion 
that this repeated sequence is inaccessible for 
recombination in a chromosomal environment. 
With current technology, targetting transferred DNA 
sequences into defined sites in the genome is only 
possible when strong selective pressure is applied for 
the desired integration event. 
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into specific chromosomal sites, with discouraging results. Others 
have had some success, but the methods require considerable 
refinement before they become useful. 
it should be pointed out that the study reported here dealt 
exclusively with gene transfer into mouse L cells. This cell line 
has been widely used largely because the calcium phosphate method is 
successful with it. This is far from being the case for all cell 
types. For example, cells vary in their sensitivity to the toxic 
effects of the precipitate, and in their rates of phagocytosis. Many 
of these potentially limiting factors can be circumvented by the 
injection of DNA directly into cell nuclei. 
Calcium phosphate precipitation does have a number of 
advantages over microinjection. It is very much easier to use and 
allows many more transformantS to be obtained. In addition, 
microinjectiOn is totally unsuitable for the transfer of genes which 
have not been isolated. The precipitation method has often been used 
to transfer specific genes from unfractionated genomic DNA. 
Clearly there are many factors to consider when undertaking 
gene transfer experiments; many of the problems may be avoided by 




DNA mediated gene transfer into cells is a powerful tool for 
the analysis of gene function and has become widely used over 
recent years. In order to design experiments optimally and to 
interpret the data fully, it is necessary to have an understanding 
of DMGT. This study was performed to characterise some aspects of 
DMGT by the techniques of calcium phosphate precipitation and 
nuclear microinjection. 
After the addition of a calcium phosphate/DNA coprecipitate to 
cells, there is a delay before the expression of the gene 
transferred. During this time the DNA is taken up by cells, 
transported to the nucleus and released from the precipitate. There 
follows a phase during which a proportion of the population of cells 
express the transferred gene: the transiont exDreSiCn phe. The 
expressing proportion is small, heterogeneous and constantly 
changing. In those cells which express the gene, the level of 
expression is extremely high. Aside from the adverse effects of the 
treatment used to introduce the DNA, which kills many cells, the 
expressing cells are abnormal. In particular, growth of these cells 
is retarded. This may be a consequence of the abnormal demands made 
on the biosynthetic capacity of the cells, and could also be due in 
part to the unusually high levels of the gene product. 
Many workers have used transient expression levels to assess 
promoter function. In addition to the above considerations, other 
factors suggest that transient expression is not the best system to 
use. Since the population of cells is in such an unstable state, 
small variations in the conditions between experiments could have 
serious consequences. The cells which are expressing the gene 
probably carry very large numbers of copies of the DNA, this could 
result in competition for cellular factors involved in 
transcription, and lead to spurious results. 
Most of the problems associated with transient expression 
analyses could be overcome by using microinjection. This, however, 
is not feasible since it is impossible to inject sufficient cells 
for such experiments. 
A proportion of the cells which take up DNA or which have 
DNA 
injected, incorporate it into their genomes. Cells which do not 
integrate the DNA lose it. The failure of cells to integrate the 
DNA 
is one source of instability of expression. Interestingly, the 
instability of expression can vary due to sequences in the 
transferred DNA: a satellite DNA insert markedly reduced the 
attainment of stable HAT resistance by cells injected with a plastuid 
containing the HSV TK gene. Two possible mechanisms could underly 
this phenomenon: satellite DNA may reduce the frequency with which 
DNA integrates, or it may suppress expression of closely linked 
sequences after integration. HAT sensitive cell lines were obtained 
containing integrated HSV TK and satellite DNA. If satellite DNA 
reduces the frequency of integration, the implication is that the 
majority of integrated genes are not expressed. This seems unlikely, 
but further experiments are required to distinguish between 
suppression of integration or expression. A further question arising 
from the differential stabilisation is the specificity of the 
effect. Is this a property unique to satellite DNA? If so, this may 
lead to a greater understanding of satellite DNA: a class of 
sequence comprising a major proportion of the genome, but for which 
no function has yet been ascribed. 
Stable transformation can be used to overcome some of the 
drawbacks of transient expression analyses. If cloned stable 
transformants are used, the populations are essentially homogeneous 
and will have returned to a state of equilibrium after the trauma of 
gene transfer and transient expression. Such experiments are more 
demanding and are subject to a number of different problems. After 
calcium phosphate precipitation, the transformed cells must be 
selected; such selection may place some bias on the results 
obtained. In addition, the amount of DNA integrated is very 
variable, ranging from 1 to 40 or more copies of the transferred 
molecules, often in multiple chromosomal enviroments. Most of the 
DNA integrated by cells had suffered rearrangements internal to the 
blocks of integrated DNA in addition to those due to the 
integration. 
The validity of data obtained from cells containing variable 
numbers of copies of rearranged DNA is limited. Microinjection 
offers much more controllable gene transfer. By this method, it is 
possible to transfer DNA such that single unrearranged copies are 
integrated. 
To eliminate all extraneous variables, it would be necessary to 
be able to control the sites of integration of the transferred DNA, 
which are currently random. Attempts were made to direct integration 
43 
REFERENCES 
Alishire, R.C. (1985) Ph.D. Thesis, University of 
Edinburgh. 
Anderson, R.A., Kato, S. and Carnerini-Otero, R.D. (1984) 
A pattern of partially homologous recombination in mouse 
L cells. Proc. Natl. Acad. Sci. USA 81, 206-210. 
Anderson, R.A., Krakauer, T. and Camerini-Otero, R.D. 
(1982) DNA-mediated gene transfer: Recombination between 
co-transferred DNA sequences and recovery of 
recombinants in a plasmid. Proc. Natl. Acad. Sci. USA 
79, 2748-2752. 
Anderson, W.F., Killos, L., Sanders-Haigh, L., 
Kretschmer, P.J. and Diacumakos, E.G. (1980) Replication 
and expression of thymidine kinase and human globin genes 
microinjected into mouse fibroblasts. Proc. Natl. Acad. 
Sci. USA 77, 5399- 5403. 
Andrulis, I.L. and Siminovitch, L. (1981) DNA-mediated 
gene transfer of -aspartylhydroxamate resistance into 
Chinese hamster ovary cells. Proc. Natl. Acad. Sci. USA 
78, 5724-5728. 
Ashihara, T. and Baserga, R. (1979) Cell synchronization. 
Methods in Enzymology 58, 248-262. 
Avery, 0.T., Macleod, G.M. and McCarty, M. (1944) Studies 
on the chemical nature of the substance inducing 
transformation of pneumococcal types. Induction of 
transformation by a deoxyribonucleic acid fraction 
isolated from pneumococcus type II. J. Exp. Med. 79, 
137-158. 
Bacchetti, S. and Graham, F.L. (1977) Transfer of the 
gene for thymidine kinase to thymidine kinase-deficient 
human cells by purified herpes simplex viral DNA. Proc. 
Natl. Acad. Sci. USA 74, 1590-1594. 
Bandyopadhyay, P.K., Watanabe, S. and Temin, H.M. (1984) 
Recombination of transfected DNAs in vertebrate cells in 
culture. Proc. Natl. Acad. Sci. U.S.A. 81, 3476-3480. 
Bastow, K.F., Darby, G., Wildy, P. and Minson, A.C. 
(1980) Properties of cells carrying the herpes simplex 
virus type 2 thymidine kinase gene: mechanisms of 
reversion to a thymidine kinase-negative phenotype. J. 
Virol. 36, 746- 755. 
Bendig, M.M. (1981) Persistence and expression of histone 
genes injected into Xenopus eggs in early development. 
Nature 292, 65-67. 
Bennett, K.L. and Hastie, N.D. (1984) Looking for 
relationships between the most repeated dispersed DNA 
sequences in the mouse: small R elements are found 
associated consistently with long MIF repeats. EMBO J. 
3, 467-472. 
 14 45 - -
Bennett, K.L., Hill, R.E., Pietras, D.F., Woodworth-
Gutai, M., Kane-Haas, C., Houston, J.M., Heath, J.K. and 
Hastie, N.D. (1984) Most highly repeated dispersed DNA 
families in the mouse genome. Mol. Cell. Biol. 1561-
1571. 
Berg, P.E., Henderson, A., Ripley, S. Yu, J-K, and 
Anderson, W.F. (1983) Lack of site specific recombination 
of exogenous DNA in mouse L cells. Biochem. Biophys. 
Res. Comm. 116, 959-965. 
Berg, P.E. and Anderson, W.F. (1984) Correlation of gene 
expression and transformation frequency with the presence 
of an enhancing sequence in the transforming DNA. Mol. 
Cell. Biol. 4, 368-370. 
Birnboim, H.C. and Doly, J. (1979) A rapid alkaline 
extraction procedure for screening recombinant plasmid 
DNA. Nucleic Acids Res.7, 1513-1523. 
Blackwell, T.K. and Alt, F.W. (1984) Site-specific 
recombination between immunoglobin D and J H segments 
that were introduced into the genome of a murine pre-B 
cell line. Cell 37, 105-112. 
Bolivar, F. (1978) Construction and characterisation of 
new-cloning vehicles. III Derivatives of plasmid pBR322 
carrying unique EcoRI sites for selection of EcoRI 
generated recombinant molecules. Gene 4, 121-136. 
Bolivar, F. and Backman, K. (1979) Plasmids of 
Escherichia coli as cloning vectors. Methods in 
Enzymology. 68, 245-2. 
Botchan, M., Stringer, J., Mitchison, T. and Sambrook, J. 
(1980) Integration and excision of SV40 DNA from the 
chromosome of a transformed cell. Cell 20, 143-152. 
Bostock, C.J. (1980) The organisation of DNA sequences in 
chromosomes. Cell Biology 3, 1-59. 
Bostock, C.J. and Sumner, A.T. (1978) The Eukaryotic 
Chromosome. North-Holland Publ., Amersterdam 
Bouche, J.P. (1981) The effect of spermidine on 
endonuclease inhibition by agarose contaminants. Analyt. 
Biochem. 115, 42-45. 
Boyle, J. M., Hopkins, J.,Fox, M., Allan, T.D. and Leach, 
R.H. (1981) Interference in hybrid clone selection caused 
by Mycoplasma hyorhinis infection. Exp. Cell Res. 
132, 67- 72. 
Breathnach, R., Mantei, N. and Chambon, P. (1980) Correct 
splicing of a chicken ovalbumin gene transcript in mouse 
L cells. Proc. Natl. Acad. Sci. USA 77, 740-744. 
- 14L - 
Breitinan, M.L., Tsui, L-C, Buchwald, M. and Siminovitch, 
L. (1982) Introduction and recovery of a selectable 
bacterial gene from the genome of mammalian cells. Mol. 
Cell. Biol. 2, 966-976. 
Brown, S.D.M. (1983) A mouse dispersed repeat sequence 
showing remarkable similarities to the long terminal 
repeats of retroviruses. Gene 23, 95-97. 
Brown, S.D.M. and Dover, G. (1981) Organisation and 
evolutionary progress of a dispersed repetitive family of 
sequences in widely separated rodent genomes. J. Mol. 
Biol. 150, 441-466. 
Brown, S.D.M. and Piechaczyk, M. (1983) Insertion 
sequences and tandem repetitions as sources of variation 
in a dispersed repeat family. J. Mol. Biol. 165, 249-
256. 
Buetti, E. and Diggelmarin, H. (1981) Cloned mouse mammary 
tumor virus DNA is biologically active in transfected 
mouse cells and its expression is stimulated by 
Glucocorticoid hormones. Cell 23, 335-345. 
Bullock, P., Forrester, W. and Botchan, M. (1984) DNA 
sequence studies of simian virus 40. Chromosomal excision 
and integration in rat cells. J. Mol. Biol. 174, 55-84. 
Burch, J.W. and McBride, O.W. (1975) Human gene 
expression in rodent cells after uptake of isolated 
metaphase chromosomes. Proc. Natl. Acad. Sci. USA 72, 
1797-1801. 
Cabs, M.P., Lebkowski, J.S. and Botchan, M.R. (1983) 
High mutation frequency in DNA transfected into 
mammalian cells. Proc. Natl. Acad. Sci. USA 80, 3015-
3019. 
Campo, M.S., Cameron, I.R. and Rogers, M.E. (1978) Tandem 
integration of complete and defective SV40 genomes in 
Mouse-Human somatic cell hybrids. Cell 15, 1411-1426. 
Catalogue of strains-II (1975) American type culture 
collection, Maryland. 
Capecchi, M.R. (1980) High-efficiency transformation by 
direct microinjection of DNA into cultured mammalian 
cells. Cell 22, 479-488. 
Chang, L.J-A., Gamble, C.L., Izaguirre, C.A., Minder, 
M.D., Mak, T.W., McCulloch, E.A. (1982) Detection of 
genes coding for human differentiation markers by their 
transient expression after DNA transfer. Proc. Natl. 
Acad. Sci. USA 79, 146-150. 
- 147-- 
Chao, M.V., Mellon, P., Charnay, P., Maniatis, T. and 
Axel, R. (1983) The regulated expression of 	-globin 
genes introduced into mouse erythroleukemia cells. Cell 
32, 483-493. 
Chen, T.R. (1977) In situ detection of mycoplasma 
contamination in cell cultures by fluorescent Hoechst 
33258 stain. Exp. Cell Res. 104, 255-262. 
Cheng, S-M, and Schildkraut, C.L. (1980) A family of 
moderately repetitive sequences in mouse DNA. Nuci. 
Acids Res. 8, 4075-4090. 
Cheng, Y-C. and Ostrander, M. (1976) Deoxythymidine 
kinase induced in HeLa TK cells by Herpes simplex 
virus type I and type II. J. Biol. Chem. 251, 2605-
2610. 
Christy, B. and Scangos, G. (1982) Expression of 
transferred thymidine kinase genes is controlled by 
methylation. Proc. Natl. Acad. Sci. USA. 79, 6299-
6303. 
Christy, B.A. and Scangos, G. (1984) Changes in structure 
and methylation pattern in a cluster of thymidine kinase 
genes. Mol. Cell. Biol. 4, 611-617. 
Chu, G. and Sharp, P.A. (1981) SV40 DNA transfection of 
cells in suspension: analysis of the efficiency of 
transcription and translation of T-antigen. Gene 13, 
197-202. 
Clarke, L. and Carbon, J. (1980) Isolation of a yeast 
centromere and construction of functional small circular 
chromosomes. Nature 287, 504-507. 
Cline, M.J., Stang, H., Mercola, K., Morse, L., Ruprecht, 
R., Browne, J. and Salser, W. (1980) Gene transfer in 
intact animals. Nature 284, 422-425. 
Colbere-Garapin, F., Horodniceanu, F, Kourilsky, P. and 
Garapin, A-C. (1981) A new dominant hybrid selective 
marker for higher eukaryotic cells. J. Mol. Biol. 150, 
1-14. 
Constantini, F. and Lacy, E. (1981) Introduction of a 
rabbit -globin gene into the mouse germ line. Nature 
294, 92-94. 
Cooper, G.M., Okenquist, S., Silverman, L. (1980) 
Transforming activity of DNA of chemically transformed 
and normal cells. Nature 284, 418-421. 
Corsaro, C.M. and Migeon, B.R. (1975) QuantitatiOn of 
contact-feeding between somatic cells in culture. Exp. 
Cell Res. 95, 39-46. 
- 14 - 
Cox, R.P., Krauss, M.R., Balis, M.E. and Dancis, J. 
(1972) Communication between normal and enzyme deficient 
cells in tissue culture. Ext. Cell Res. 74, 251-268. 
Cowell, J.K. (1982) Double minutes and homogeneously 
staining regions: Gene amplifcation in mammalian cells. 
Ann. Rev. Genet. 16, 21-59. 
Davidson, R.L., Adelstein, S.J. and Oxman, M.N. (1973) 
Herpes Simplex Virus as a Source of Thymidine Kinase for 
Thymidine Kinase-Deficient Mouse Cells: Suppression and 
Reactivation of the Viral Enzyme. Proc. Natl. Acad. Sci. 
USA 70, 1912-1916. 
de Saint Vincent, B.R. and Wahl, G.M. (1983) Homologous 
recombination in mammalian cells mediates formation of a 
functional gene from two overlapping gene fragments. 
Proc. Natl. Acad. Sci. USA 80, 2002-2006. 
Debenham, P.G., Kartner, N., Siminovitchi, Riordan, J.R. 
and Ling, V. (1982) DNA-mediated transfer of multiple 
drug resistance and plasma membrane glycoprotein 
expression. Mol. Cell. Biol. 2, 881-889. 
Denhardt, D. (1966) A membrane filter technique for the 
detection of complementary DNA. Biochim. Biophys.Acta. 
23, 641-646. 
Devereux, J., Haeberli, P., Smithies, 0. (1984) A 
comprehensive set of sequence analysis programs for the 
VAX. Nuci. Acids Res. 12, 387-395. 
Di Maio, D., Treismann, R.H. and Maniatis, T. (1982) 
Bovine Papillomavirus vector that propogates as a plasmid 
in both mouse and bacterial cells. Proc. Natl. Acad. Sci. 
U.S.A. 79, 4030-4034. 
Diacumakos, E.G. (1973) Methods for micromanipulation of 
human somatic cells in culture. In Methods in Cell 
Biology, ed. Prescott (Academic Press, New York) Vol.7, 
pp 287-311. 
Diacumakos, E.G., Holland, S. and Pecora, P. (1970) A 
Microsurgical methodology for human cells in vitro: 
Evolution and Applications. Proc. Natl. Acad. Sci. USA 
65, 911-918. 
Doerfler, W. (1983) DNA methylation and gene activity. 
Ann. Rev. Biochem. 52, 93-124. 
Dubnick, M., Chou, J., Petes, T.D. and Farber, R.A. 
(1983) Relationships among DNA sequences of the 1.3kb 
EcoRI family of mouse DNA. J. Mol. Evol. 19, 115-121. 
Ege, T., Reisbig, R.R. and Rogne, S. (1984) Enhancement 
of DNA-mediated gene transfer by inhibitors of autophagic-
lysosomal function. Exp. Cell. Res. 155, 9-16. 
- 14q - 
Fanning, T.G. (1982) Characterisation of a highly 
repetitive family of DNA sequences in the mouse. Nuci. 
Acids Res. 10, 5003-5013. 
Fanning, T.G. (1983) Size and structure of the highly 
repetitive BamHI element in Mice. Nucl. Acids Res. 11, 
5073-5099. 
Folger, K.R., Wong, E.A., Wahl, G. and Cappecchi, M.R. 
(1982) Patterns of integration of DNA microinjected into 
cultured mammalian cells: Evidence for homologous 
recombination between injected plasmid DNA molecules. 
Mol. Cell Biol. 2, 1372-1387. 
Fonbrune, P. de (1949) Technique de micromanipulation. 
Pasteur Institute Monograph. 
Fournier, R.E.K. and Ruddle, R.H. (1977) Stable 
association of the human transgenome and host murine 
chromosomes demonstrated with trispecific microcell 
hybrids. Proc. Natl. Acad. Sci. USA 74, 3937-3941. 
Furlong, N.B. (1967) DNA polymerase. Methods Cancer Res. 
3, 27-45. 
Garfinkle, G. and McAuslan, B.R. (1974) Regulation of 
Herpes simplex virus-induced thymidine kinase. 
58, 822-829. 
Gebhard, W. and Zachau, H.G. (1983) organization of the R 
family and other interspersed repetitive DNA sequences in 
the mouse genome. J. Mol. Biol. 170, 255-270. 
Giles, K. W. and Myers, A. (1965) An improved 
dipheylamine method for the estimation of 
deoxyribonucleic acid. Nature 206, 93. 
Giulotto, E. and Israel, N. (1984) DNA-mediated gene 
transfer is more efficient during S-phase of the cell 
cycle. Biochem. Biophys. Res. Comm,,-_ 	118, 3l0_ 2.6. 
Gluzman, Y. (1981) SV40-transformed simian cells support 
the replication of early SV40 mutants. Cell 23, 175-
182. 
Goodenow, R.S., Stroynowski, I., McMillan, M., Nicolsori, 
M., Eakle, K., Sher, B.T., Davidson, N. and Hood, L. 
(1983) Expression of complete transplantation antigens 
by mammalian cells transformed with truncated Class I 
genes. Nature 301, 388-394. 
Gordon, J.W., Scangos, G.A., Plotkin, D.J., Barbosa, J.A. 
and Ruddle, F.H. (1980) Genetic transformation of mouse 
embryos by microinjection of purified DNA. Proc. Natl. 
Acad. Sci. USA 77, 7380- 7384. 
- 1 c-o - 
Gorman, C.M., Merlino, G.T., Willingham, M.C., Pastan, I. 
and Howard, B.H. (1982b) The Rous sarcoma virus long 
terminal repeat is a strong promoter when introduced into 
a variety of eukaryotic cells by DNA-mediated 
transfection. Proc. Natl. Acad. Sd. USA 79, 6777-6781. 
Gorman, C.M., Moffat, L.F. and Howard, B.H. (1982a) 
Recombinant genomes which express chioramphenicol 
acetyltransferase in mammalian cells. Mol. Cell. Biol. 
2, 1044-1051. 
Gorman, C.M., Howard, B.H. and Reeves, R. (1983) 
Expression of recombinant plasmids in mammalian cells is 
enhanced by sodium butyrate. Nucl. Acids Res. 11, 
7631-7648. 
Graessmann, M. and Graessmann, A. (1976) "Early" simian-
virus-40-specific RNA contains information for tumor 
antigen formation and chromatin replication. Proc. Natl. 
Acad. Sci. USA 73, 366-370. 
Graessmann, A., Graessmann, M. and Mueller, C. (1980) 
Microinjection of early SV40 DNA fragments and T Antigen. 
Methods in Enzymology 65, 816-825. 
Graf, L.H., Jnr., Urlaub, G. and Chasm, L.A. (1979) 
Transformation of the gene for hypoxanthine 
phosphoribosyltransferase. Somatic Cell Genet. 5, 1031-
1044. 
Graham, F.L., Bacchetti, S., McKinnon, R., Stanners, C., 
Cordell, B. and Goodman, H.M. (1980) Transformation of 
mammalian cells with DNA using the calcium technique. In 
Introduction of Macromolecules into Viable Mammalian 
Cells. Ed. R. Basarga, G. Croe and G. Rovera. Alan R. 
Liss Inc. New York pp 3-25. 
Graham, F.L. and van der Eb, A. J. (1973) A new technique 
for the assay of infectivity of human adenovirus 5 DNA. 
Virology 52, 456-467. 
Griffith, F. (1928) Significance of pneumococcal types. 
J. Hygiene 27, 113-159. 
Gross-Bellard, M., Oudet, P. and Charnbon, P. (1973) 
Isolation of high-molecular weight DNA from mammalian 
cells. Eur. J. Biochern. 36, 32-38. 
Grunstein, M. and Hogness, D.S. (1976)Colony 
hybridisation: A method for the isolation of cloned DNA5 
that contain a specific gene. Proc. Natl. Acad. Sci. USA 
72, 3961- 3965. 
Hanahan, D., Lane, D., Lipsich, L., Wigler, M. and 
Botchan, M. (1980) Characteristics of an SV40-plasmid 
recombinant and its movement into and out of the genome 
of a murine cell. Cell 21, 127-139. 
- 11. - 
Hasson, J-H., Mougneau, E., Cuzin, F. and Yaniv, M. 
(1984) Simian virus 40 illegitimate recombination occurs 
near short direct repeats. J. Mol. Biol. 177, 53-68. 
Heller, D., Jackson, M. and Leinwand, L. (1984) 
Organisation and expression of non-Alu family 
interspersed repetitive DNA sequences in the mouse 
genome. J. Mol. Biol. 173, 419- 436. 
Heller, R. and Arnheim, N. 
organisation of the highly 
1.3kb EcoRI-BglII sequence 
Res. 8, 5031-5042. 
(1980) Structure and 
repeated and interspersed 
family in mice. Nuci. Acids 
Henderson, A.S. and Robins, D. (1982) The effect of 
exogenous DNA insert at a chromosomal region containing 
rDNA. Cytogenet. Cell Genet. 34, 310-314. 
Hinnen, A., Hicks, J.B. and Fink, G.R. (1978) 
Transformation of Yeast. Proc. Natl. Acad. Sci. USA 75, 
1929-2933. 
Flirt, B. (1967) Selective extraction of polyoma DNA from 
infected mouse cell cultures. J. Mol. Biol. 26, 365-
369. 
1,0Irr 	jt 
Honess, R.W. and Roizman, B. (1974) Regulation of Herpes 
virus macromolecular synthesis I. Cascade regulation of 
the synthesis of three groups of viral proteins. J. 
Virol. 14, 8-19. 
Honess, R.W. and Roizman, B. (1975) Regulation of Herpes 
virus macroinolecular synthesis: sequential transition of 
polypeptide synthesis requires functional viral 
polypeptides. Proc. Natl. Acad. Sci. USA 72, 1276- 
1280. 
Horz, W. and Altenburger, W. (1981) Nucleotide sequence 
of mouse satellite DNA. Nucleic Acids Res. 9, 683-
696. 
Hsiug, N., Warrick, H., deRiel, J.K., Tuan, D., Forget, 
B.G., Skoultchi, A. and Kucherlapati, R. (1980) 
Cotransfer of circular and linear prokayotic and 
eukaryotic DNA sequences into mouse cells. Proc. Natl. 
Acad. Sci. USA 77, 4852-4856. 
Huberman, M., Berg, P.E., Curcio, M.J., DiPietro, J., 
Henderson, A.S. and Anderson W.F. (1984) Fate and 
structure of DNA microinjected into mouse TK L 
cells. Exp. Cell Res. 153, 347-362. 
Huttner, K.M., Barbosa, J.A., Scangos, G.A., Prachera, 
D.D. and Ruddle, F.H. (1981) DNA-mediated gene transfer 
without carrier DNA. J. Cell Biol. 91, 153-156. 
- 
Huttner, K.M., Scangos, G.A. and Ruddle, F.H. (1979) DNA-
mediated gene transfer of a circular plasmid into murine 
cells. Proc. Natl. Acad. Sci. USA 76, 5820-5824. 
Hynes, N.E., Kennedy, N., Rahmsdorf, U. and Groner, B. 
(1981) Hormone-responsive expression of an endogeneous 
proviral gene of mouse mammary tumour virus after 
molecular cloning and gene transfer into cultured cells. 
Proc. Natl. Acad. Sci. USA 78, 2038-2042. 
1mb, T., Furusawa, M., Furusawa, I. and Obinato, M. 
(1983) Transformation of L cells with virus thymidine 
kinase genes introduced by red cell-mediated 
microinjection. Exp. Cell Res. 148, 475-480. 
Ishiura, M., Hirose, S., Uchida, T., Harnada, Y., Suzuki, 
Y. and Okada, Y. (1982) Phage particle-mediated gene 
transfer to cultured mammalian cells. Mol. Cell. Biol. 
2, 607- 616. 
Jolly, D.J., Esty, A.C., Barnard, H.V. and Friedmann, T. 
(1982) Isolation of a genomic clone partially encoding 
human hypoxanthine phosphoribosyl transferase. Proc. 
Natl. Acad. Sd. USA 79, 5038-5041. 
Jolly, D.J., Okayama, H., Berg, P., Esty, A.C., Filpula, 
D., Bohlen, P., Johnson, G.G., Shirley, J.E., 
Hunkapillar, T. and Friedmann, T. (1983) Isolation and 
characterisation of a full-length expressible cDNA for 
human hypoxanthine phosphoribosyl transferase. Proc. 
Natl. Acad. Sci. USA 80, 477-481. 
Kavathas, P. and Herzenberg, L.A. (1983) Stable 
transformation of mouse L cells for human membrane T-cell 
differentiation antigens, HLA and ,- 
microglobulin: selection by fluorescnce-activated cell 
sorting. Proc. Natl. Acad. Sci. USA 80, 524-528. 
Kawai, S. and Nishizawa, M. (1984) New procedure for DNA 
transfection with polycation and dimethylsuiphoxide. 
Mol. Cell. Biol. 4, 1172-1174. 
Ketner, G. and Kelly, T.J. (1980) Structure of integrated 
Simian Virus 40 DNA in transformed mouse cells. J. Mol. 
Biol. 144, 163-182. 
Kiessling, V., Platzer, M. and Strauss, H. (1984) Plasmid 
Rescue - A tool for reproducible recovery of genes from 
transfected mammalian cells? Mol. Gen. Genet. 193, 513-
519. 
Kit, S. and Dubbs, D. (1963) Acquisition of thymidine 
kinase activity by herpes simplex virus infected mouse 
fibroblast cells. Biochem. Biophys. Res. Comm. 	11, 55- 
59. 
- 1 5n, - 
Kit, S., Dubbs, D.R., Piekarski, L.J. and Hsu, T.C. 
(1963) Deletion of thymidine kinase activity from L 
cells resistant to BUdR. Exp. Cell Res. 31, 297-312. 
Klobutcher, L.A., Miller, C.L. and Ruddle, F.H. (1980) 
Chromosome-mediated gene transfer results in two classes 
of unstable transformants. Proc. Natl. Acad. Sci. USA 
77, 3610-3614. 
Klobutcher, L.A. and Ruddle, F.H. (1979) Phenotype 
stabilisation and integration of transferred material in 
chromosome Lmediated gene transfer. Nature 280, 657- 
660. 
Kiobuter, L.A. and Ruddle, F.H. (1981) Chromosome 
mediated gene transfer. Ann. Rev. Biochem. 50, 533-
554. 
Kopchick, J.J., Ju, G., Skalka, A.M., Stacey, D.W. (1981) 
Biological activity of cloned retroviral DNA in 
microinjected cells. Proc. Natl. Acad. Sci. USA 78, 
4383- 4387. 
Kopchick, J.J. and Stacey, D.W. (1983) Selective ligation 
of DNA molecules following microinjection. J. Biol. Chem. 
258, 11528-11536. 
Kopchick, J.J. and Stacey, D.W. (1984) Differences in 
intracellular DNA ligation after microinjection and 
transfection. Mol. Cell..Biol. 4, 240-246. 
Kretschmer, P.J., Bowman, A.M., Huberman, M. H., Sanders-
Haigh, L., Killos, L., Anderson, W.F. (1981) Recovery of 
recombinant bacterial plasmids from E.coli transformed 
with DNA from microinjected mouse cells. Nucl. Acids Res. 
9, 6199- 6217. 
Kucherlapati, R.S., Eves, E.M., Song, K-Y., Morse, B.S. 
and Smithies, 0. (1984) Homologous recombination between 
plasmids in mammalian cells can be enhanced by treatment 
of input DNA. Proc. Natl. Acad. Sci. USA 81, 3153- 
3157. 
Kudo, A., Yamamoto, F., Furusawa, M., Kuroiwa, A., 
Natori, S. and Obinata, M. (1982) Structure of thymidine 
kinase gene introduced into mouse Ltk cells by a new 
injection method. Gene 19, 11-19. 
Kuhn, L.C., McClelland, A., Ruddle, F.H. (1984) Gene 
transfer, expression and molecular cloning of human 
transferrin receptor gene. Cell 37, 95-103. 
Laimins, L.A., Khoury, G., Gorman, C., Howard, B. and 
Gross, P. (1982) Host-specific activation of 
transcription by tandem repeats from Simian virus 40 and 
Moloney murine sarcoma virus. Proc. Natl. Acad. Sci. USA 
79, 6453-6457. 
- 154 - 
Laskey, R.A. and Mills, A.D. 17. Enhged 
autoradiographic detection of P and 	I using 
intensifying screens and hypersensitized film. Febs. 
Letts. 82, 314- 316. 
Law, M-F., Lowy, D.R., Dvoretzky, I. and Howley, P.M. 
(1981) Mouse cells transformed by bovine papillomavirus 
contain only extrachromosomal viral DNA sequences. Proc. 
Natl. Acad. Sci. USA 78, 2727-2731. 
Lester, S.C., Le Van, S.K., Steglich, C. and De Mars, R. 
(1980) Expression of human genes for adenine 
phosphoribosyltransferase and hypoxanthine-guanine 
phosphoribosyltransferase after genetic transformation of 
mouse cells with purified human DNA. Somatic Cell 
Genetics 6, 241-259. 
Lewin, B. (1980) Gene expression. Volume 2: Eucaryotic 
chromosomes. 2nd Edition. Wiley-Interscience, New York. 
Lewis, S., Gifford, A. and Baltimore, D. (1984) Joining 
of Vto 
K  gene segments in a retroviral vector intrbduced into lymphoid cells. Nature 308, 425-428. 
Lewis, W.H., Srinivasan, P.R., Stokoe, N. and 
Siminovitch, L. (1980) Parameters governing the transfer 
of the genes for thymidine kinase and dihydrofoi.ate 
reductase into mouse cells using metaphase chromosomes or 
DNA. Somat. Cell Genet. 6, 333-347. 
Lin, F-L. and Sternberg, N. (1984) Homololgous 
recombination between overlapping thymidine kinase gene 
fragments stably inserted into a mouse chromosome. Mol. 
Cell. Biol. 4, 852-861. 
Lin, K-F., Sperle, K. and Sternberg, N. (1984) Model for 
homologous recombination during transfer of DNA into 
mouse L cells: role for DNA ends in the recombinational 
process. Mol. Cell. Biol. 4, 1020-1034. 
Lin, P-F., Zhao, S-Y., Ruddle, F.M. (1983) Genomic 
cloning and preliminary characterisation of the human 
thymidine kinase gene. Proc. Natl. Acad. Sci. USA 80, 
6528-6532. 
Linsley, P.S. and Siminovitch, L. (1982) Comparison of 
phenotypic expression with genotypic transformation by 
using cloned selectable markers. Mol. Cell. Biol. 2, 
593-597. 
Liskay, R.M. and Stachelek, J.L. (1983) Evidence for 
intrachromosomal gene conversion in cultured mouse cells. 
Cell 35, 157-165. 
Littlefield, J.W. (1964) Selection of hybrids from 
matings of fibroblasts in vitro and their presumed 
recombinants. Science 145, 709-710. 
- 155 - 
Lo, C.W. (1983) Transformation by iontophoretic 
microinjection of DNA: Multiple integrations without 
tandem insertions. Mol. Cell. Biol. 3, 1803-1814. 
Long, E.D. and Dawid, I.B. (1980) Repeated genes in 
eukaryotes. Ann. Rev. Biochem. 49, 727-764. 
Lowy, I., Pellicer, A., Jackson, J.F., Sim, G-K., 
Silverstein, S. and Axel, R. (1980) Isolation of 
transforming DNA: Cloning the hamster aprt gene. Cell 
22, 817-823. 
Loyter, A., Scangos, G.A. & Ruddle, F.H. (1982a) 
Mechanisms of DNA uptake by mammalian cells: Fate of 
exogenously added DNA monitored by the use of fluorescent 
dyes. Proc. Natl. Acad. Sci. USA 79, 422- 426. 
Loyter, A., Scangos, G., Juricek, D., Keene, D. and 
Ruddle, F.H. (1982b) Mechanisms of DNA entry into 
mammalian cells II. Phagocytosis of calcium phosphate DNA 
co-precipitate visualised by electron microscopy. Exp. 
Cell Res. 139, 223-234. 
Luskey, M. and Botchan, M. (1981) Inhibition of SV40 
replication in simian cells by specific pBR322 DNA 
sequences. Nature 293, 79-81. 
Luthman, H. and Magnusson, G. (1983) High efficiency 
polyoma DNA transfection of chloroquine treated cells. 
Nucl. Acids Res. 11, 1295-1308. 
McBride, O.W. and Ozer, H.L. (1973) Transfer of genetic 
information by purified metaphase chromosomes. Proc. 
Natl. Acad. Sci. USA 70, 1258-1262. 
McBride, O.W. and Peterson, J.L. (1980) Chromosome-
mediated gene transfer in mammalian cells. Ann. Rev. 
Genet. 14, 321-345. 
McCarty, M. and Avery, O.T. (1946) Studies on the 
chemical nature of the substance inducing transformation 
of pneumococcal types. II. Effect of deoxyribonuclease 
on the biological activity of the transforming substance. 
J. Exp. Med. 83, 89-96. 
McClelland, M. (1983) The effect of site specific 
methylation on restriction endonuclease cleavage 
(update). Nucl. Acids Res. 11, r169-r173. 
McKnight, S.L. (1980) The nucletotide sequence and 
transcript map of the herpes simplex virus thymidine 
kinase gene. Nucl. Acids Res. 8, 5949-5964. 
McKnight, S.L., Croce, C. and Kinsbury, R. (1979) 
Introduction of isolated DNA sequences into cultured 
eukaryotic cells. Carnegie Institute Year Book 78, 56-
61. 
- 156- 
McKnight, S.L., Gavis, E.R., Kingsbury, R. and Axel, R. 
(1981) analysis of transcriptional regulatory signals of 
the HSV thymidine kinase gene: identification of an 
upstream control region. Cell 25, 385-398. 
Maitland, N.J. and McDougall, J.K. (1977) Biochemical 
transformation of mouse cells by fragments of herpes 
simplex virus DNA. Cell 11, 233-241. 
Maniatis, T., Fritsch, E.F. and Sambrook, J (1982) 
Molecular Cloning: A Laboratory Manual. Cold Spring 
Harbor Laboratory, New York. 
Maniatis, T., Jeffrey, A. and Kleid, D.G. (1975) 
Nucleotide sequence of the righthand operator of phage 
• Proc. Natl. Acad. Sci. USA 72, 1184-118. 
Mantei, N., Boll, W. and Weissmann, C. (1979) Rabbit 
-globin mRNA production in mouse L cells transformed 
with cloned rabbit -g1obin chromosomal DNA. Nature 
281, 40-46. 
Manuelidis, L. (1977) A simplified method for preparation 
of mouse satellite DNA. Analytical Biochemistry 78, 
561- 568. 
Manuelidis, L. (1980) Novel classes of mouse repeated 
DNAs. Nucl. Acids Res. 8, 3247-3258. 
Mayo, K.E., Warren, R. and Palmiter, R.D. (1982) The 
mouse metallothionein-1 gene is transcriptionally 
regulated by cadmium following transfection into human 
or mouse cells. Cell 29, 99-108. 
Mercola, K.E., Strang, H.D., Browne, J., Salser, W. and 
Cline, M.J. (1980) Introduction of a new gene of viral 
origin into bone marrow cells of mice. Science 208, 
1033- 1035. 
Meunier-Rotival, M., Soriano, P., Cung, G., Strauss, F. 
and Bernardi, G. (1982) Sequence organisation and genomic 
distribution of the major family of interspersed repeats 
of mouse DNA. Proc. Natl. Acad. Sci. USA 79, 355-359. 
Miller, C.K. and Temin, H.M. (1983) High efficiency 
ligation and recombination of DNA fragments by vertebrate 
cells. Science 220, 606-609. 
Milman, G. and Herzberg, M. (1981) Efficient DNA 
transfection and rapid assay for thymidine kinase 
activity and viral antigenic determinants. Somat. Cell 
Genet. 7, 161-170. 
Minson, A.C., Wildy, P., Buchan, A. and Darby, G. (1978) 
Introduction of the herpes simplex virus thymidine kinase 
gene into mouse cells using virus DNA or transformed cell 
DNA. Cell 13, 581-587. 
- 157- 
Moar, M.H., Campo, M.S., Laird, H. and Jarrett, W.F.H. 
(1981) Persistence of non-integrated viral DNA in bovine 
cells transformed in vitro by bovine papillomavirus 
type 2. Nature 293, 749-751. 
Morris, N.R. and Fischer, G.A. (1963) Studies concerning 
the inhibition of cellular reproduction by 
deoxyribonucleosides. I. Inhibition of the synthesis of 
deoxycytidine by a phosphorylated derivative of 
thymidine. Biochim. Biophys. Acta 68, 84-92. 
Morrison, D.A. (1979) Transformation and preservation of 
competent bacterial cells by freezing. Methods in 
Enzymology 68, 326-331 (edited by Wu, R., Academic 
Press). 
Mounts, P. and Kelly, T.J., Jnr. (1984) Rearrangements of 
host and viral DNA in mouse cells transformed by Simian 
Virus 40. J. Mol. Biol. 177, 431-460. 
Mulligan, R.C. and Berg, P. (1980) Expression of a 
bacterial gene in mammalian cells. Science 209, 1422-
1427. 
Mulligan, R.C. and Berg, P. (1981) Selection for animal 
cells that express the Escherichia coli gene coding for 
xanthine-guanine phoshoribosyltransferase. Proc • Natl. 
Acad. Sci. USA 78, 2072- 2076. 
Munyon, W., Kraiselburd, E., Davis, D. and Mann, J. 
(1971) Transfer of thymidine kinase to thymidine 
kinaseless L cells by infection with ultraviolet-
irridated Herpes Simplex Virus. J. Virol. 7, 813-820. 
Naito, A., Naito, S. Ikeda, H. (1984) Homology is not 
required for recombination mediated by DNA gyrase of 
Escherichia coli. Mol. Gen. Genet. 193, 238-243. 
Nomura, S. and Oishi, M. (1984) UV irradiation induces an 
activity which stimulates Simian Virus 40 rescue upon 
cell fusion. Mol. Cell. Biol. 4, 1159-1162. 
O'Hare, K., Benoist, C. and Breathnach, R. (1981) 
Transformation of mouse fibroblasts to methotrexate 
resistance by a recombinant plasmid expressing a 
prokaryotic dihydrofolate reductase. Proc. Natl. Acad. 
Sci. USA 78, 1527-1531. 
Okada, C.Y., and Rechsteiner, M. (1982) Introduction of 
macromolecules into cultured mammalian cells by osmotic 
lysis of pinocytic vesicles. Cell 29, 33-41. 
Panganiban, A.T. and Temin, H.M. (1983) The terminal 
nucleotides of retrovirus DNA are required for 
integration but not virus production. Nature 306, 155- 
160. 
- 15 - 
Parker, B.A. and Stark, G.R. (1979) Regulation of simian 
virus 40 transcription: Sensitive analysis of the RNA 
species present early in infections by virus or viral 
DNA. J. Virol. 31, 360-369. 
Pellicer, A., Wigler, Axel, R. and Silverstein, S. (1978) 
The transfer and stable integration of the HSV thymidine 
kinase gene into mouse cells. Cell 14, 133-141. 
Pellicer, A., Wagner, E.F., El Kareh, A., Dewey, M.J., 
Rerser, A.J., Silverstein, S., Axel, R. and Mintz, B. 
(1980) Introduction of a viral thymidine kinase gene and 
the human ft-globin gene into developmentally multipotent 
mouse teratocarcinoma cells. Proc. Natl. Acad. Sci. USA 
77, 2098-2102. 
Pellicer, A., Robins, D., Wold, B., Sweet, R., Jackson, 
J., Lowy, I., Roberts, J.M., Sim, G.K., Silverstein, I.S. 
and Axel, R. (1980) Altering genotype and phenotype by 
DNA-mediated gene transfer. Science 209, 1414- 1422. 
Perucho, M., Hanahan, D., Lipsich, L. and Wigler, M. 
(1980a) Isolation of the chicken thymidine kinase gene 
by plasmid rescue. Nature 285, 207-210. 
Perucho, M., Hananhan, D., and Wigler,M. (1980b) Genetic 
and physical linkage of exogenous sequences in 
transformed cells. Cell 22, 309-317. 
Perucho, M. and Wigler, M. (1980c) Linkage and expression 
of foreign DNA in cultured animal cells. Cold Spring 
Harbor Symp. Quant. Biol. XLV, 829-838. 
Peterson, J. A. and McBride, O.W. (1980) Co-transfer of 
linked eukaryotic genes and efficient transfer of 
hypoxanthine phosphoribosyltransferase by DNA-mediated 
gene transfer. Proc. Natl. Acad. Sci. USA 77, 1583-
1587. 
Poitier, S., Winsor, B. and Lacroute, F. (1982) Genetic 
selection for reciprocal translocation at chosen 
chromosomal sites in Saccharomyces cerevisiae. Mol. 
Cell. Biol. 2, 1025-1032. 
Pomerantz, B.J., Naujokas, M. and Hasell, J.A. (1983) 
Homologous recombination between transfected DNAs. Mol. 
Cell. Biol. 3, 1680-1685. 
Prentki, P., Karch, F., Lida, S. and Meyer, J. (1981) The 
plasmid cloning vector pBR325 contains a 482 base-pair-
long inverted duplication. Gene 14, 289-299. 
Preston, C.M. (1979) Control of Herpes simplex virus type 
I mRNA synthesis in cells infected with wild-type or the 
temperature sensitive mutant tsK. J. Virol. 29, 275-
284. 
- 15' - 
Reid, L.C.M. (1979) Cloning. Methods in Enzymology 
LVIII, 152- 164. 
Rigby, P.W.J., Dieckmann, M., Rhodes, C. and Berg, P. 
(1977) Labelling deoxyribonucleic acid to high specific 
activity in vitro by nick translation with DNA 
polyrnerase I. J. Moll - Biol. 113, 237-251. 
Roberts, J.M. and Axel, R. (1982) Gene amplification and 
gene correction in somatic cells. Cell 29, 109-119. 
Roberts, J.M., Buck, L.B., and Axel, R. (1983) A 
structure for amplified DNA. Cell 33, 53-63. 
Robins, D.M., Ripley, S., Henderson, A.S. and Axel, R. 
(1981) Transforming DNA integrates into the host 
chromosome. Cell 23, 29-39. 
Rogers, A.W. (1967) Techniques of Autoradiography 
Elsevier 
Roginski, R.S., Skoultchi, A.I., Hentl-iorn, P., Smithies, 
0., Hsiung, N. and Kucherlapati, R. (1983) Co-ordinate 
modulation of transfected HSV thymidine kinase and human 
globin genes. Cell 35, 149-155. 
Rubin, G.M. and Spradling, A.C. (1982) Genetic 
transformation of Drosophila with transposable element 
vectors. Science 218, 348-353. 
Rubin, J.S., Joyner, A.L., Bernstein, A. and Whitmore, 
G.F. (1983) Molecular identification of a human DNA 
repair gene following DNA-mediated gene transfer. 
Nature 306, 206- 208. 
Rubnitz, J. and Subramani, S. (1984) The minimum amount 
of homology required for homologous recombination in 
mammalian cells. Mol. Cell. Biol. 4, 2253-2258. 
Sandri-Goldin, R.M., Goldin, A.L., Glorioso, J. and 
Levine. M. (1984) Herpes Simplex Virus 	thymidine 
kinase gene is stably maintained in cells transformed by 
protoplast fusion. Somat. Cell. Molec. Genet. 10, 129-
138. 
Sandri-Goldin, R.M., Goldbin, A.L., Levine, M. and 
Glorioso, J.C. (1981) High-frequency transfer of cloned 
herpes simplex virus type-1 sequences to mammalian cells 
by protoplast fusion. Mol. Cell. Biol. 1,.743-752. 
Sanger, F., Coulson, A.R., Hong, G.F., Hill, D.F. and 
Peterson, G.B. (1982) Nucleotide sequence of 
bacteriophage X. J. Mol. Biol. 162, 729-773. 
Sarver, N., Gross, P., Law, M-F. and Howley, P.M. (1981) 
Bovine papilloma virus deoxyribonucleic acid: a novel 
eucaryotic cloning vector. Mol. Cell. Biol. 1, 486-
496. 
- 
Scangos, G.A., Huttner, K.M., Juricek, D.K. and Ruddle, 
F.H. (1981) Deoxyribonucleic acid-mediated gene transfer 
in mammalian cells: Molecular analysis of unstable 
transformantsa their progression to stability. Mol. 
Cell. Biol. 1, 111-120. 
Schaefer-Ridder, M., Wang, Y. and Hofsdineider, P.H. 
(1981) Lipsomes as gene carriers: efficient 
transformation of L cells by thymidine kinase gene. 
Science 215, 166-168. 
Schaffner, W. (1980) Direct transfer of cloned genes from 
bacteria to mammalian cells. Proc. Natl. Acad. Sci. USA 
77, 2163-2767. 
Schnieke, A., Harbers, K. and Jaenisch, R. (1983) 
Embryonic lethal mutation in mice induced by retrovirus 
insertion into the a 1(I) collagen gene. Nature 304, 
315-320. 
Schwartz, A.G., Cook, P.R. and Harris, H. (1971) 
Correction of a genetic defect in a mammalian cell. 
Nature New Biol. 230, 5-8. 
Sealey, P.G. and Southern, E.M. (1982) Gel 
Electrophoresis of DNA. Chap. 2 in Gel Electrophoresis 
of Nucleic Acids: a practical approach. IRL Press Ltd., 
Oxford. 
Shapira, G., Stachelek, J.L., Leston, A., Soodak, L.K. 
and Liskay, R.M. (1983) Novel use of synthetic 
oligonucleotide insertion mutants for the study of 
homologous recombation in mammalian cells. Proc. Natl. 
Acad. Sci. USA 80, 4827- 4831. 
Shay, J.W. (1977) Selection of reconstituted cells from 
karyoplasts fused to chloramphen col-resistant 
cytoplasts. Proc. Natl. Acad. Sci. USA 74, 2461-2464. 
Shen, Y-M., Hirschhorn, R.R., Mercer, W.E., Surmacz, E., 
Tsutsui, Y., Soprano, K.J. and Baserga, R. (1982) Gene 
transfer: DNA microinjection compared with DNA 
transfection with a very high efficiency. Mol. Cell. 
Biol. 2, 1145-1154. 
Shih, C., Padhy, L.C., Murray, M.J., and Weinberg, R.A. 
(1981) Transforming genes of carcinomas and 
neuroblastomas introduced into mouse fibroblasts. Nature 
290, 261-264. 
Shih, C., Shilo, B.Z., Goldfarb, M.P., Dannenberg, A., 
and Weinberg, R.A. (1979) Passage of phenotypes of 
chemically transformed cells via transfection of DNA and 
chromatin. Proc. Natl. Acad. Sci. USA 76, 5714-5718. 
Silverstein, S.C., Steinman, R.M., Cohn, Z.A. (1977) 




Singer, M.F., Thayer, R.E., Grimaldi, G., Lerman, M.I. 
and Fanning, T.G. (1983) Homology between the KpnI 
primate and BamHI (MIF-I) rodent families of long 
interspersed repeated sequences. Nuci. Acids Res. 11, 
5739-5745. 
Slilaty, S.N. and Aposhian, H.V. (1983) Gene transfer by 
polyoma-like particles assembled in a cell free system. 
Science 220, 725-727. 
Small, J. and Scangos, G. (1983) Recombination during 
gene transfer into mouse cells can restore the function 
of deleted genes. Science 219, 174-176. 
Smiley, J.R., Steege, D.A., Juricek, D.K., S.dnmers, W.P. 
and Ruddle, F.H. (1978) A herpes simplex virus 1 
integration site in the mouse genome defined by somatic 
cell genetic analysis. Cell 15, 455-468. 
Smith, R.N. (1981) Inability of tolerant males to sire 
tolerant progeny. Nature 292, 767-768. 
Soberon, X., Covarrubias, C. and Bolivar, F. (1980) 
Construction and characterisation of new cloning 
vehicles. IV. Deletion derivatives of pBR322 and pBR325. 
Gene 9, 287-305. 
Sompayrac, L.M. and Danna, K.J. (1981) Efficient 
infection of monkey cells with DNA of simian virus 40. 
Proc. Natl. Acad. Sd. USA 78, 7575-7578. 
Soriano, P., Meunier-Rotival, M. and Bernardi, G. (1983) 
The distribution of interspersed repeats is non-uniform 
and conserved in the mouse and human genomes. Proc. 
Natl. Acad. Sci. USA 80, 1816- 1820. 
Sorieul, S. and Ephrussi, B. (1961) Karyological 
demonstration of hybridization of mammalian cells in 
vitro. Nature 190, 653-654. 
Southern, E.M. (1975) Dectection of specific sequences 
among DNA fragments separated by gel electorphoresis. 
J. Mol. 	Biol. 98, 503-517. 
Southern, E.M. (1979) Measurement of DNA length by gel 
electrophoresis. Analyt. Biochem. 100, 319-323. 
Southern, P.J. and Berg, P. (1982) Transformation of 
mammalian cells to antibiotic resistance with a bacterial 
gene under control of the SV40 early region promoter. J. 
Mol. Appl. Genet. 1, 327-341. 
Spandidos, D.A. and Paul, J. (1982) Transfer of human 
globin genes to erythroleukemic mouse cells. EMBO 1, 
15-20. 
- 162, - 
Spandidos, D.A., Harrison, P.R. and Paul, J. (1982) 
Replication and amplification of recombinant plasmid 
molecules as extrachromosomal elements in transformed 
mammalian cells. Exp. Cell Res. 141, 149-158. 
Spandidos, D.A. and Wilkie, N.M. (1984) Expression of 
exogenous DNA in mammalian cells. In Transcription and 
Translation. Ed. B.D. Hames and S.J. Higgins, I.R.L. 
Press, Oxford. 
Stacey, D.W. (1981) Microinjection of mRNA and other 
macromolecules into living cells. Methods Enzymol. 79, 
76-88. 
Stacey, D.W. and Alifrey, V.G. (1976) Microinjection 
studies of Duck globin messenger RNA translation in human 
and Avian cells. Cell 9, 725-732. 
Stark, G.R. and Wahl, G.M. (1984) Gene Amplification. 
Ann, Rev. Biochem. In press. 
Steele, R.E., Bakken, A.H. and Reeder, R.H. (1984) 
Plasmids containing mouse rDNA do not recombine with 
cellular ribosomal genes when introduced into cultured 
mouse cells. Mol. Cell. Biol. 4, 576-582. 
Subramani, S., Mulligan, R. and Berg, P. (1981) 
Expression of the mouse dihydrofolate reductase 
complementary deoxyribonucleic acid in simian virus 40 
vectors. Mol. Cell. Biol. 1, 854-864. 
Summers, W.C. and Summers, W.P. (1977) [ 125 1] 
deoxycytidine used in a rapid, sensitive and specific 
assay for Herpes Simplex Virus Type 1 Thymidine Kinase. 
J. Virol. 24, 314-318. 
Sussman, D.J. and Milman, G. (1984) Short term, high 
efficiency expression of transfected DNA. Mol. Cell. 
Biol. 4, 1641-1643. 
Szostak, J.W. and Blackburn, E.H. (1982) Cloning yeast 
telomeres on linear plasmid vectors. Cell 29, 245-255. 
Szybalska, E.H. and Szybalski, W. (1962) Genetics of 
human cell lines. IV. DNA-mediated heritable 
transformation of a biochemical trait. Proc. Natl. Acad. 
Sci. USA 48, 2026-2034. 
Tsuboi, A., Kurotsu, T. and Terasima, T. (1976) Changes 
in protein content per cell during growth of mouse L 
cells. Exp. Cell Res. 103, 257-261. 
Twigg, A.J. and Sherratt, D. (1980) Trans-complementable 
copy-number mutants of plasmid ColEl. Nature 283, 216-
218. 
- l. 	- 
Uperoft, P., Carter, B. and Kidson, C. (1980) Analysis of 
recombination in mammalian cells using SV40 genome 
segments having homologous overlapping termini. Nuci. 
Acids Res. 8, 2725-2736. 
Voliva, C.F., Martin, S.L., Hutchison III, C.A., and 
Edgell, M.H. (1984) Dispersal process associated with the 
Li family of interspersed repetitive DNA sequences. J. 
Mol. Biol. 178, 795-813. 
Voliva, C.F., Jahn, C.L., Comer, M.B., Hutchison III, 
C.A. and Edgell, M.M. (1983) The L1Md long interspersed 
repeat family in the mouse: almost all examples are 
truncated at one end. Nuci. Acids Res. 11, 8847-8859. 
Wagner, E.F., Covarrubias, L., Stewart, T.A. and Mintz, 
B. (1983) Prenatal lethalities in mice homozygous for 
human growth hormone gene sequences integrated in the 
germ line. Cell 35, 647-655. 
Wagner, M.J., Sharp, J.A. and Summers, W.C. (1981) 
Nucleotide sequence of the thymidine kinase gene of 
herpes simplex virus type 1. Proc. Natl. Acad. Sci. USA 
78, 1441- 1445. 
Wagner, E.F., Stewart, T.A. and Mintz, B. (1981) The 
human -g1obin gene and a functional viral thymidine 
kinase gene in developing mice. Proc. Natl. Acad. Sci. 
USA 78, 5016-5020. 
Warrick, H., Hsiung, N., Shows, T.B. and Kucherlapati, R. 
(1980) DNA mediated co-transfer of unlinked mammalian 
cell markers into mouse L cells. J. Cell Biol. 86, 341-
346. 
Whittaker, J.L., Byrd, P.J., Grand, R.J.A. and Gallimore, 
P.H. (1984) Isolation and characterisation of four 
adenovirus type 12-transformed human embryo kidney 
cell lines. Mol. Cell. Biol. 4, 110-116. 
Wiberg, F.C., Sunnerhagen, P., Kaltoft, K., Zeuthen, J. 
and Bjursell, G. (1983) Replication and expression in 
mammalian cells of transfected DNA; description of an 
improved erythrocyte ghost fusion technique. Nuci. Acids 
Res. 11, 7287-7302. 
Wigler, M., Silverstein, S., Lee, L., Pellicer, A., 
Cheng, Y. and Axel, R. (1977) Transfer of purified herpes 
virus thymidine kinase gene to culture mouse cells. Cell 
11, 223-232. 
Wigler, M., Pellicer, A., Silverstein, S. and Axel, R. 
(1978) Biochemical transformation of single copy 
eukaryotic genes using DNA as donor. Cell 14, 725-731. 
- 164 - 
Wigler, M., Pellicer, A., Silverstein, S., Axel, R., 
Urlaub, G. and Chasm, L. (1979a) DNA-mediated transfer 
of the adenine phosphoribosyl transferase locus into 
mammalian cells. Proc. Natl. Acad. Sci. USA 76, 1373-
1376. 
Wigler, M., Sweet. R., Sim, G.K., Wold, B., Pellicer, A., 
Lacy, E., Maniatis, T., Silverstein, S., Axel, R. (1979b) 
Transformation of mammalian cells with genes from 
procaryotes and eukaryotes. Cell 16, 777-785. 
Wigler, M., Perucho, M., Kurtz, D., Dana, S., Pellicer, 
A., Axel, R. and Silverstein, S. (1980) Transformation of 
mammalian cells with an amplifiable dominant-acting gene. 
Proc. Natl. Acad. Sci. USA 77, 3567-3570. 
Wigler, M., Levy, D. and Perucho, M. (1981) The somatic 
replication of DNA methylation. Cell 24, 33-40. 
Wilkie, N.M., Clements, J.B., Boll, W., Mantei, N., 
Lonsda$le, D. and Weisssman, C. (1979) Hybrid plasmids 
containing an active thymidine kinase gene of Herpes 
simplex virus I. Nucl. Acids Res. 7, 859-877. 
Willecke, K., Kiomafass, Mierau, R. and Dohmer, J. (1979) 
Intraspecies transfer via total cellular DNA of the gene 
for hypoxanthine phosphoribosyltransferase into cultured 
mouse cells. Mol-, Gen. Genet. 170, 179-185. 
Willecke, K., Kiomfass, M. and Schafer, R. (1981) DNA-
mediated transfer of the mouse gene for hypoxanthine 
phosphoribosyltransferase into cultured mouse cells: no 
integration of the transferred gene at its homologus site 
in the host genome. Mol. CT-(--(V . Genet. 182, 70-76. 
Willecke, K., Lange, R., Kruger, A. and Reber, T. (1976) 
Co-transfer of two linked human genes into cultured mouse 
cells. Proc. Natl. Acad. Sci. USA 73, 1274-1278. 
Willecke, K., Mierau, R., Kruger, A. and Lange, R. (1978) 
Chromosomal gene transfer of human cytosol thymidine 
kinase. Integration or association of the transferred 
gene with a non-homlogous mouse chromosome. Mol. Gen. 
Genet. 161, 49-57. 
Willecke, K. and Ruddle, F.H. (1975) Transfer of the 
human gene for hypoxanthine-guanine 
phosophribosyltransferase via isolated human metaphase 
chromosomes into mouse L-cells. Proc. Natl. Acad. Sci. 
USA 72, 1792-1796. 
Wilson, J.H., Berget, P.B. and Pipas, J.M. (1982) Somatic 
cells efficiently join unrelated DNA segments end-to-
end. Mol. Cell,Biol. 2, 1258-1269. 
Winocour, E. and Keshet, I. (1980) Indiscriminate 
recombination in simian virus 40-infected monkey cells. 
Proc. Natl. Acad. Sci. USA 77, 4861-4865. 
- 16S- 
Wright, J.A., Lewis, W.H. and Profett, C.L.J. (1980) 
Somatic cell genetics: a review of drug resistance, 
lectin resistance and gene transfer in mammalian cells in 
culture. Can. J. Genet. Cytol. 22, 443-496. 
Yamaizumi, M., Horwich, A.L. and Ruddle, F.H. (1983) 
Expression and stabilisation of microinjected plasmids 
containing the herpes simplex virus thymidine kinase gene 
and polyoma virus DNA in mouse cells. Mol. Cell. Biol. 
3, 511-522. 
Yamamoto, F., Furusawa, M., Furusawa, I. and Obinata, M. 
(1982) The 'pricking' method. A new efficient technique 
for mechanically introducing foreign DNA into the nuclei 
of culture cells. Exp. Cell Res. 142, 79-84. 
Yoder, J.I. and Ganesan, A.T. (1981) Biological assay of 
prokaryotic genes in mouse cells following DNA mediated 
transformation. Mol. Gen. Genet. 181, 525-531. 
Yoder, J.I., and Ganesan, A.T. (1983) Procaryotic genomic 
DNA inhibits mammalian cell transformation. Mol. Cell. 
Biol. 3, 956-959. 
Yoshie, 0., Schmidt, H., Lengyel, P., Reddy, E.S.P., 
Morgan, W.R. and Weissman, S.M. (1984) Transcripts of 
human HLA gene fragments lacking the 5' terminal region 
in transfected mouse cells. Proc. Natl. Acad. Sci. USA 
81, 649-653. 
. 	 i. 	 rI 
- 166 - 
